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Executive summary 
 
The increasing scarcity of fossil fuels, particularly with the increasing global energy demands 
resulting from the rising population, development of mega-cities and energy-dependant 
technologies, present a major problem. Additionally, life sustainability is at risk as a result of 
the irreversible environmental damages caused by the increasing use of fossil fuels. In fact, 
climate change (i.e. global warming), resulting from the increased global greenhouse gas 
emissions, is posing a fundamental threat on species and life in all places of the globe. The idea 
of switching to renewable energy sources has become inevitable in order to sustain life on 
Earth. Additionally, renewable energy utilisation is needed, particularly in areas disconnected 
from the grid and gas networks, such as in remote areas, where provision of these utilities or 
utilising traditional fossil fuel based technologies make less economic sense. Not to forget that 
around 1.3 billion people on Earth still do not have access to such modern sources of energy.  
Solar energy has been identified as potentially renewable energy that can replace fossil fuels. 
Solar energy can be captured and transformed directly to electricity through photovoltaic (PV) 
technology or directly to heat through the use of solar-thermal collectors. Both technologies 
are well developed commercially. This makes them promising, especially that they have 
witnessed a deep cost reduction in recent years (e.g. around 65% to 70% drop in price between 
2010 and 2014 for PV with a moderate decrease in price after that). Accompanied with 
improvements in efficiency, these technologies have become attractive for residential 
applications. However, still an important challenge is that renewable energy sources, 
particularly solar, are intermittent by nature. In particular, in systems totally disconnected from 
the grid and gas networks, the storage of renewable energy for use during times of insufficiency 
or unavailability of solar energy, is of primary importance in order to increase and guarantee 
the reliability of supply. Additionally, the proper integration of multiple renewable energy 
sources, especially when complementary in nature, can increase the supply reliability and 
opens some new horizons to address this problem. 
Batteries have traditionally been used to store electricity supplied renewably by PVs. However, 
batteries are characterised by their ability to store energy only for a short-term period. 
Additionally, their sensitivity to very cold or hot weather and the environmental concerns 
regarding their end of life disposal, raise some problems. 
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Alternatively, hydrogen is presented as a promising energy carrier particularly for long-term 
energy storage applications. Hydrogen has great prospects and the future hydrogen economy 
scenario has been predicted by many scholars, where it is seen to be a major carrier in the 
energy supply cycle for such a scenario.  
Hydrogen storage subsystems have been developed where extra electricity produced from a 
PV array is used to produce hydrogen cleanly (i.e. through the electrolysis of water) to be stored 
(i.e. in a hydrogen storage tank for example). Hydrogen can be converted cleanly to electricity 
through chemical reactions with no emissions at all by using a fuel cell (FC). The only by-
products of this reaction are water and heat. The heat generated by the fuel cell is usually wasted 
into the environment through the cooling system of the fuel cell. The whole system consisting 
of the PV and the hydrogen storage subsystem (electrolyser, hydrogen storage tank, and fuel 
cell) is referred to as solar-hydrogen (SH) system. If in such a system the fuel cell heat is also 
recovered for a thermal application, the system is called SH combined heat and power (CHP) 
system. 
This thesis introduces and investigates in detail an innovative hybrid system by integrating a 
solar-hydrogen CHP system with a solar-thermal system referred to as SH CHP-ST system. A 
SH system can be designed so as to meet the full power demand of the electrical load. This 
latter is therefore supplied either from the PVs or from the hydrogen energy storage subsystem 
(i.e. through using the hydrogen in the fuel cell). In fact, in such a system, the extra-solar energy 
produced after meeting the electrical load is converted to hydrogen through an electrolyser. 
Then, when the solar radiation is not sufficient or unavailable for the PV to meet the power 
demand, the fuel cell is fed by the stored hydrogen to generate the required electricity and fill 
up the power deficit. As mentioned, while the fuel cell is in operation and is producing 
electricity, it also produces heat. In a previous study, the heat was used to produce hot water 
for an onsite application in a case study in southeast Australia (i.e. hot water demand of a 
household). It was found there that the solar-hydrogen combined heat and power (SH CHP) 
system (design for 100% year round power supply) could meet around 50% of the total annual 
hot water demand (using the fuel cell heat) while the rest was to be supplied using an on-site 
gas hot water system 
On the other side, solar-thermal collectors can provide heat from solar energy. However, a 
solar- thermal (ST) system (collectors with hot water storage tank), in its best design, cannot 
meet the full hot water demand of a household. For example in southeast Australia, when 
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properly sized, the ST system can meet up to around 70% of the total annual hot water demand, 
while it falls deeply short in meeting this demand in winter (i.e. only on average, around 50% 
of hot water energy demand in winter is met). 
The novel idea of the project is to study a SH CHP system integrated with a solar thermal 
system for power and hot water supply from renewable solar energy to a household. The 
particular characteristic of this integration lies in the fact that when the solar radiation is low 
or unavailable, there is a shortage of heat supply from the collectors, which coincides with the 
absence of adequate electricity supplied by the PVs. This is in fact the time that the fuel cell of 
the SH system operates to provide power and hence the heat generated by the fuel cell can be 
harvested and utilised to fill the gap of thermal energy supply. The research investigated the 
possible matching opportunity that could be offered by the complementary operation of the 
two heat sources (SH CHP and ST). Accordingly, the research embarked on studying this 
integrated system, and the degree of its suitability as a standalone system to provide power and 
heat (i.e. hot water demand) to a remote household in Victoria, Australia.   
Following this aim, the key objectives of the project were thus to: 
x analyse theoretically the techno-economic performance of an integrated SH CHP-ST 
system using a transient simulation model and study the sensitivity of the results to key 
input parameters; 
x recommend the best possible configuration for integrating a SH CHP system with a ST 
system to meet the 100% of the electrical demand and provide the maximum thermal 
reliability; 
x experimentally study the system in order to quantify its performance in practice and 
validate the theoretically-calculated performance of the thermal part of this integrated 
system; 
x develop a multi-objective sizing optimisation model using genetic algorithm method 
(in MATLAB) that aims to minimise the total cost of energy, minimise the percentage 
of the PV power wasted, and maximise the reliability of the integrated SH CHP-ST 
system being studied; and  
x draw conclusions and make recommendations about the integrated SH CHP-ST system 
for use in standalone combined heat and power applications.  
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 While pursuing these objectives, the main questions answered by this research were: 
1- What are the operation, sizing procedure, and the best possible system configurations 
for the integrated SH CHP-ST system being studied through this research?  
 
2- How are the heat extraction capacities from the two heat sources (i.e. fuel cell in the 
SH CHP system and collectors in the ST system) affected when the solar-hydrogen 
CHP and ST systems are integrated?  
 
3- How can the SH CHP system and the ST system complement each other throughout the 
year in meeting the thermal demand of a standalone application while the SH system is 
primarily designed for 100% supply of the electrical demand of the site? 
 
4- What are the techno-economic advantages and challenges of an integrated SH CHP-ST 
system assessed based on the defined system’s metrics (e.g. efficiency, reliability, 
cost)? 
 
5- What are the different optimal solutions resulting from a multi-objective sizing 
optimisation on the system? (i.e. when the total cost of energy is minimised, the overall 
reliability is maximised, and the percentage of PV power wasted is minimised)? 
 
Following these objectives, a transient simulation modelling, an economic analysis, an 
optimisation, and an experimental study, have all been employed. This can be described as 
follows: 
x Transient simulation model: A theoretical model has been developed and TRNSYS 
software was used to simulate the novel integrated SH CHP-ST system proposed in this 
research. This was provided in chapter 4. The model was then been applied to the case 
study of a remote household in Victoria, Australia. Different configurations for the 
model have been proposed with the best one selected and adopted for further analysis. 
The final results revealed that the integrated system could meet ~95% of the annual hot 
water demand of the household while meeting 100% of the power demand. This has 
been obtained due to an inherited complementary heat supply obtained between the fuel 
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cell and the solar-thermal system based on a sizing, operation and control strategy to 
meet the full power demand of the load. A detailed techno-economic study has also 
been made, through which this integrated system was found to be economically as 
competitive as a conventional system relying on fossil fuels for power supply 
applications in remote areas. This techno-economic study is presented in chapter 5. 
 
x System optimisation: A multi-objective sizing optimisation approach has been adopted 
in chapter 6 in order to obtain the best components’ sizes with the objectives of 
maximising the reliabilities (i.e. electrical and thermal), and minimising the levelised 
cost of primary energy as well as minimising the power wasted by the PVs. Hence, the 
techno-economic results of this multi-objective optimisation are expected to expand the 
knowledge base of other sizing options for that system. For this purpose, a simulation 
program and an optimisation model using genetic algorithm were developed in 
MATLAB programming environment and implemented on the same case study of the 
remote household in Australia. The multi-objective optimisation resulted in a Pareto 
front, where a trade-off between cost and size of PV was realised. For instance, the 
levelised cost could be reduced by 15% by increasing the size of the PV by 16%. The 
optimisation results also showed that the electric reliability of all the optimal solutions 
in favour was always equal to 100%. The maximum thermal reliability that could be 
obtained is around 96%. 
 
x Experimental study: Chapter 7 provided the details of an experimental study set up that 
represented the integrated SH CHP ST system. The system studied theoretically was 
simulated experimentally at the renewable energy park of the RMIT University in 
Bundoora, Australia. To demonstrate the theoretical results experimentally, the 
experiment was conducted for representative days during winter, spring, and summer, 
with a focus on the thermal integration which was implemented. A special look at the 
winter and spring season was taken, where the effect of this thermal integration was 
well realised. The experimental results were used to verify the results suggested by the 
earlier theoretical model. The results showed the ability of this system to meet the hot 
water demand of the household by up to: 91% on a 24-hour representative day in winter, 
97% on a representative day in spring, and 100% on a representative day in summer. 
The heat recovered from the fuel cell belonging to the SH CHP system and the heat 
supplied by the collector, were found experimentally to be complementary in nature, 
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and the fuel cell heat was highly utilised (i.e. above 97% in winter and spring and 69% 
in summer). This has raised significantly the percentage of the hot water demand met 
from supposedly 48% on this experiment’s day in winter, and 61% on the experiment’s 
day in spring, if the solar-thermal collectors had been working by itself, as suggested 
by the model. By approaching 100% heat and power supply to standalone applications 
using only renewables (i.e. solar energy), this system can be effectively used in remote 
households and standalone applications with power and hot water demands.  
 
x A new proposed configuration to achieve 100% thermal reliability: Based on the above-
obtained results, a new proposed configuration of the SH CHP-ST system with an inline 
electric heater powered renewably and integrated to it has been proposed in chapter 8. 
The solution addressed a way to meet renewably the still ~5% unmet thermal demand 
of the SH CHP-ST system. The design considers the inline electric heater as an electric 
demand that is met either by the PV or the FC. With this new solution, meeting 100% 
the thermal demand came at approximately no relevant additional cost. In fact, the size 
of the all the components of the system remained the same, with only 6.8% increase in 
the PV size, compared to the base case where no inline heater was used. Additionally, 
the advantage found for such design was that the time the inline electric heater has been 
fed from the FC mostly coincided with the time the FC was supplying power to the 
basic load. Therefore, the operation time of the FC was not increased due to the 
introduction of the inline electric heater to the system, and consequently this has not 
affected the lifetime of the FC and its replacement cost. 
 
As a concluding remark, the above-mentioned steps taken to conduct this study showed that 
the newly proposed integrated SH CHP-ST system can be effectively, independently, and 
economically used in remote Victorian households, where it can fully meet the power and hot 
water demands. This has been proven theoretically and validated experimentally. A sizing 
optimisation model has been proposed in order to obtain the Pareto front optimal solutions. 
The integration approach of this system with its matching advantages can be further studied to 
be taken up for other standalone applications and types. This integrated system can lead to 
further benefits of a renewable solar hydrogen system in the way that its heat output can be 
effectively and in a complementary way used with another renewable thermal source (i.e. heat 
supply through solar thermal collectors).  
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1 Introduction 
 
1.1 BACKGROUND 
 
1.1.1 Current state of fossil fuels and the surge of the renewable energy option 
Fossil fuels including crude oil, coal and gas are still the main energy resources as they supply 
86% of the global primary energy demand. This demand is currently over 12 Billion Tons of Oil 
Equivalent (BTOE) (Figure 1- 1) with a forecasted increase of 35% by 2040 (ExonMobil, 2015, 
BP, 2017). This currently results in an emission of 39.5 Giga tons of carbon dioxide (Gt-CO2) per 
year, which has been increasing at an annual rate of between 2% and 3% since 2005 (Figure 1- 2) 
(CDIAC, 2014). The energy sector also including transport and industries is responsible for about 
75% of the total greenhouse gas (GHG) emissions, while the other 25% emissions come from 
agriculture and deforestation (IEA, 2016a). In the energy sector, CO2 emissions resulting from the 
combustion of fossil fuels, dominate the total GHG emissions that are  affected by the following 
three factors: the energy demand or the level of energy-intensive activities, the changes in energy 
efficiency, and the shifts in fuel mix, such as from carbon-intensive coal to low-carbon gas, or 
from fossil fuels to renewable and alternative energy sources (EPA, 2016).    
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Figure 1- 2. Trend of global carbon dioxide emissions from fossil fuel and cement production. Source: CDIAC (2014) 
 
In fact, the effects of GHG emissions have been detected through the climate system to be the 
dominant cause of observed global warming since the mid of the 20th century, and of the rise of 
the global mean surface temperature (NASA, 2017) (Figure 1- 3). Climate model projections 
Figure 1- 1. Global energy use by source, in billion tons of oil equivalent. Source:  BP Energy Outlook 2017 (BP, 
2017) 
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indicate that during the 21st century, the global mean surface temperature will increase from 3.7 
°C to 4.8 °C  compared to their pre-industrial level (i.e. referred to as the period before 1750) if no 
additional efforts are made to limit these emissions (IPCC, 2015). As part of the mitigation efforts 
to limit GHG emissions, the Kyoto protocol linked to the United Nations Framework Convention 
on Climate Change was adopted in Kyoto, Japan, on 11 December 1997 and was enforced on 16 
February 2005 as an international treaty. Then, COP 21 was held in Paris in December 2015 
resulting in an international agreement for mitigation efforts to hold the increase in the global 
average temperature at below 2 °C above pre-industrial levels (COP21, 2015). This was based on 
the premise that global warming exists and that man-made CO2 emissions have caused it. In fact, 
without additional mitigation efforts and ratification of the agreements on national levels, warming 
will lead globally to high risk of severe, widespread, and irreversible impacts.  
 
Figure 1- 3. Global mean surface temperature change from 1880 to 2016. The blue bars show uncertainty estimates. Source: 
(NASA, 2017) 
 
Additionally, nobody knows when the oil or any other fossil fuel will definitely be depleted as 
geologists can assess the amount of petroleum available for a single reservoir, while the petroleum 
reserves exist in many dispersed regions, differing widely in size, quality and production costs. 
However, BP (2016) estimated that the proved reserves by fossil fuels would be exhausted in 51 
years for crude oil, 53 years for natural gas, and 153 years for coal. In fact, the foreseeable 
depletion of fossil fuels resources in the near future puts meeting the global energy demand at risk 
in the coming years. These concerns are even more pronounced with the current rate of rising 
global population, the fast industrial and technological development, the growing life standards, 
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and the development of mega cities. Therefore, the limited availability of fossil fuels, the 
increasing trend of global reliance on them to meet the growing energy demand (Figure 1- 1) as 
well as the associated results of increased global GHG emissions and consequently of climate 
change (Figure 1- 3) pose a major global problem or challenge. Thus, renewable energy sources 
including hydro, solar photovoltaic, wind, bioenergy, solar thermal, and geothermal were being 
explored to tackle the dual problem of limited fossil fuel energy resources and of climate change 
(IEA, 2017).  
 
1.1.2 Solar energy 
The sun sits at the centre of the solar system and releases energy abundantly in its core in the 
course of fusion thermonuclear processes of oxygen into helium. Following the Kyoto protocol, 
there has been a global move towards the development and utilisation of renewable-energy 
conversion technologies, especially in order to harvest solar energy in the form of electricity and 
heat.  
Solar-thermal collectors transform solar energy directly to heat. A solar-thermal collector captures 
the electromagnetic solar radiation, converts it to heat at the absorbing surface, and transfers this 
heat to a fluid (i.e. usually water) flowing throughout the collector (Kalogirou, 2004). Non-
concentrating types of solar-thermal collectors, including mainly flat plate and evacuated tube 
collectors, are used for relatively low-temperature heating applications such as solar water heating 
and/or space heating, especially in houses and buildings (i.e. residential/commercial).  
The total installed capacity of solar-thermal collectors has been increasing in recent years as shown 
in Figure 1- 4 and is compared to the capacity and energy yields of other renewable energy 
technologies (IEA SHC, 2017) as shown in Figure 1- 5. In fact, the type of application of solar-
thermal collectors varies among swimming pool heating, domestic hot water preparation, space 
heating, and many others such as heating of industrial processes, solar district heating and solar-
thermal cooling. The total number of water-based solar thermal systems worldwide that are in 
operation for heat generation only (i.e. excluding the ones used for power generation) was 
approximately 108 million by the end of 2015. Their break-down is as shown in  Figure 1- 6 with 
the majority of systems pertaining to domestic hot water – single family houses (i.e. 63%) (IEA 
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SHC, 2017). The worldwide distribution of installed capacity of solar-thermal collectors by type 
is shown in Figure 1- 7 with the majority of  them (i.e. around 71%) being evacuated-tube 
collectors (IEA SHC, 2017). The efficiency of solar-thermal collectors varies depending on the 
operating conditions; but typically, it is between 60% and 70%. Hot water storage tanks are mainly 
used in conjunction with solar-thermal collectors for residential and building applications, in order 
to store thermal energy for end-user’s usage, especially during the periods that the collectors’ 
thermal energy output is insufficient. 
 
 
 
Figure 1- 4. Global solar thermal capacity in operation and annual energy yields (IEA SHC, 2017) 
 
 
 
Figure 1- 5. Comparison of the total solar thermal capacity in operation and annual solar thermal energy yields with other 
renewable energy capacities (IEA SHC, 2017) 
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Figure 1- 6. Distribution of solar-thermal systems (i.e. water-based)  worldwide by application; excluding the ones for power 
generation  (IEA SHC, 2017) 
 
 
Figure 1- 7. Distribution of total installed capacity in operation by collector type – World (IEA SHC, 2017) 
 
On the other hand, photovoltaic (PV) technology is used to convert the solar energy to electricity 
and is well suited for utility-scale solar electricity production as well as for independent smaller 
residential applications (i.e. roof-top systems). This technology is especially attractive in areas 
with limited to no access to a reliable electricity grid (e.g. in remote applications) or in grid 
connected areas with expensive electricity supplied by the grid. The PV market has been expanding 
in the recent years, with a cumulative and still-growing photovoltaic capacity that reached about 
302 GW by the end of 2016  (Figure 1- 8) (IEA, 2016b). This capacity is estimated to supply 
currently between 1.3% and 1.8% of total global electricity demand. As a particular example, roof-
top residential PV installations in Australia currently provide electricity to around 20% of 
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Australian households (i.e. a combined 6.5 GW of PV installed capacity), and can work totally 
off-grid in many remote areas (Climate Council, 2017). 
In fact, the increasing trend in PV installed capacity (Figure 1- 8) has been accompanied by a sharp 
reduction in price in the recent years (i.e. around 65% to 70% drop in price between 2010 and 
2014) as shown in Figure 1- 9 for different types of PV modules (IRENA, 2016). Silicon crystalline 
PV modules, including amorphous, mono-crystalline and poly-crystalline currently account for 
around 94% of global annual PV production with less than 6% for thin-film PV types (i.e. CdTe, 
etc.) (ISE, 2017). Other types (i.e. organic, Perovskite, etc.) are yet to attain commercialisation, 
although an improvement in their efficiency has been realised in labs. PV crystalline modules are 
commercially available with efficiencies up to 23%. An efficiency of 25-27% has already been 
achieved in the lab with a maximum theoretical “quantum efficiency” of around 30% (Figure 1- 
10) (i.e. excluding transmittance and reflectance losses) (ISE, 2017).  
 
 
 
 
Figure 1- 8. Evolution of global PV installed capacity (IEA, 2016b) 
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Figure 1- 9. Price trend for different types of PV modules (IRENA, 2016) 
 
 
Figure 1- 10. Efficiencies of different PV technologies. The Shockley–Queisser limit refers to the maximum theoretical 
quantum efficiency of a solar cell using a p-n junction. Source: DOE, Lewis Group at Caltech 
 
1.1.3 Energy storage to support renewable solar electricity  
 Battery technology  
Batteries consist of one or more electrochemical cells that can store electrical energy in the form 
of chemical energy for later conversion back to electrical energy. Batteries can be used in 
conjunction with solar PV systems in order to store the excess electricity produced by the PVs and 
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then deliver it at times of PV power shortage (i.e. at night time or when solar radiation is 
insufficient). Many types of batteries are commercially available, with different current densities, 
lifetimes, applications, and costs, including: Nickel Cadmium (NiCd), Nickel-Metal 
Hydride (NiMH), Lead Acid, Lithium Ion (Li-ion) as the fastest growing type, Lithium Ion 
Polymer (Li-ion polymer), and Redox flow (Amirante et al., 2017).  
Compared with fossil fuels, a battery has a low storage capability. For example the energy on a 
mass basis for fuel oil is about 12,000 Wh/kg whereas a typical battery such as lithium ion, that 
has a relatively high energy density compared to other types, carries about 200 Wh/kg. Batteries 
have advantages such as reasonably short response times to variable loads and their wide 
bandwidth in terms of load variation. Batteries are also highly round-trip efficient (can be over 
80% in appropriate conditions). However, if kept un-used for a relatively longer period of time 
(e.g. weeks or months), batteries lose their stored energy (i.e. self-discharged), and their round-trip 
energy efficiency drops significantly, which makes them unsuitable for long-term energy storage. 
Additionally, batteries suffer from some environmental issues related with their end-of-life waste 
management, from their sensitivity to environmental condition (e.g. extreme cold and hot 
weathers), as well as from the availability of resources (e.g. rate earth material used in 
manufacturing Li-ion batteries) (Aris and Shabani, 2015). 
 
 Hydrogen technology  
Hydrogen, as an alternative to batteries, or sometimes a complementary solution to batteries, 
provides an energy storage option that is particularly suited to longer-term storage applications, 
that is, from weeks to months and most notably from season to season (Johnston et al., 2005). 
Hydrogen, as an energy carrier, can be used in portable (i.e. for laptops, cell phones, etc.), transport 
(i.e. cars, etc.), and stationary applications (Clark Ii, 2008, Gandiglio et al., 2014, Lewis, 2014, 
Elmer et al., 2015). It is important to note here that hydrogen is not a primary energy source like 
natural gas, or crude oil, and is not present in nature in pure form; however, it makes up nearly 
three quarters of the matter around us (Sherif et al., 2003). In fact, hydrogen has to be produced 
through different methods by using different possible sources of energy as summarised in Figure 
1- 11. Particularly, the production of hydrogen by electrolysis of water (Figure 1- 11) can be 
powered by renewables such as solar PVs and wind powered generators. Hydrogen can then be 
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employed in distributed power supply as well as large-scale centralised energy storage facilities. 
Hydrogen can be stored as a compressed gas or liquid (Sherif et al., 2003), or as an integral 
component in certain alloys known as metal hydrides (Larminie and Dicks, 2003, Mazloomi and 
Gomes, 2012), or simply kept unpressurised in hydrogen tanks in case space is available. The 
energy stored in hydrogen can then be extracted through the electrochemical reaction of 
recombining hydrogen and oxygen in a fuel cell. This is the reverse reaction to that in an 
electrolyser (i.e. used for producing hydrogen). The main outcome of this zero-emission reaction 
in the fuel cell is electricity with heat and water as by-products. The capability of producing 
electricity at high efficiency (i.e. up to about 55%) while emitting no GHG emissions is one of the 
main reasons for the global interest in the fuel cell for a range of applications (i.e. fuel cell-based 
engines (Marbán and Valdés-Solís, 2007) in addition to the stationary applications of the fuel cell 
(Elmer et al., 2015)). In fact, the fuel cell offers other advantages such as silent operation, high 
power density (comparable to internal combustion engines), rapid response to highly variable load, 
low operating temperature in proton exchange membrane (PEM) fuel cell (that is used in this 
research), quick start up, and etc.  
 
 
Figure 1- 11. Hydrogen production from difference energy sources and through different methods. Source: IEA-Hydrogen 
Coordination Group (2006) 
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The higher heating value (HHV) of hydrogen (141.88 MJ/kg) is higher than other conventional 
fossil fuel cells, e.g. 50.84 MJ/kg for natural gas or 46.4 MJ/kg for gasoline. This high energy 
content per unit mass of hydrogen is counted as an advantage (Hoffman, 1994). However, when it 
comes to volumetric energy density, hydrogen is not in such a good position compared to other 
conventional liquid and even gaseous fossil fuels such as gasoline, diesel fuel, and natural gas. At 
ambient temperature (300 K, 1 atm), the volumetric energy density of hydrogen is 11.88 kJ/litre 
compared to 39.05 kJ/litre for natural gas and 41.5 kJ/litre for gasoline. If left uncompressed, 
hydrogen storage occupies a relatively large space. This problem is less pronounced if space is 
available, as it is the case in remote area stationary applications. In fact, low-cost storage options 
(i.e. as low as 500 US $/kg capacity) for hydrogen stored at low pressure for remote areas have 
been investigated (Ali and Andrews, 2006) and used in Kalinci et al. (2015) and Khosravi et al. 
(2018). These options include metal or composite cylinders. Some current researches have 
explored the use and development of metal hydrides as an efficient hydrogen storage option, where 
hydrogen is stored by chemical bonding in solid alloys (e.g. MgH2, AB5 based alloys) under 
moderate temperatures and pressures, while low amount of energy (heat) is needed to release the 
hydrogen content stored (usually absorbed from atmosphere at low hydrogen flow rates) (Zhang 
et al., 2016, Panwar and Srivastava, 2018).   
 
1.2 AN INTRODUCTION TO THE THESIS 
 
1.2.1 Solar-hydrogen combined heat and power systems 
Solar energy is a major renewable source of energy that is abundantly available in many 
geographical locations around the world. As stated in section 1.1.3.1, batteries are conventionally 
used for storing electrical energy; however, despite recent developments in battery technologies 
(Tan et al., 2013), their still high maintenance costs (particularly for remote areas), low roundtrip 
energy efficiency (when used as long-term energy storage or in extreme climate conditions), 
environmental issues with end of life waste management, relatively low gravimetric and 
volumetric energy densities, sensitivity to environmental condition (e.g. extreme cold and hot 
weathers), as well as the availability of resources (e.g. rate earth material used in manufacturing 
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Li-ion batteries) are not suggesting the widespread use of this energy storage technology to meet 
the energy storage needs of all renewable energy-based power supply systems, particularly at a 
large scale (Maclay et al., 2006). 
Hydrogen has been seen as a promising energy carrier suitable to store energy (Mazloomi and 
Gomes, 2012) at relatively large scales, small scales, and for long-term energy storage 
applications. Renewable hydrogen systems can be employed to store the electrical energy 
generated through renewables (e.g. by using PVs or wind turbines) in the form of chemical energy 
in the hydrogen molecules for later re-electrification when needed (Abdin et al., 2015). A 
renewable hydrogen system comprises an electrolyser, a hydrogen storage tank and a fuel cell as 
their main components. The electrolyser is powered by the excess electricity generated by the 
renewables and produces hydrogen through the electrolysis of water (Gray et al., 2011, Olateju et 
al., 2014). The hydrogen produced by the electrolyser gets stored conveniently in a storage tank. 
A fuel cell fed by the stored hydrogen can generate electricity and water with no emissions through 
the chemical reactions between hydrogen and oxygen (i.e. usually taken from air). This thus covers 
the deficit in the power supply to the load during the periods that the renewable energy source in 
use, such as solar, is not available or cannot provide enough supply to fully meet the demand. This 
system can ensure a continuous year-round power supply (Andrews and Shabani, 2012).  
The efficiency and energy-carrying capacity of hydrogen do not degrade with time, as opposed to 
batteries (Aris and Shabani, 2015), which makes such systems highly suitable for long-term energy 
storage (i.e. in places with highly seasonal variations in renewable energy inputs) (Bielmann et al., 
2011). While the low maintenance cost of such a system and its capability to act as a long-term 
energy storage system are its key advantages, further improvement in its capital cost and its overall 
round-trip energy efficiency can make it even more attractive (Shabani et al., 2010). When the 
renewable energy source is purely solar, the system is referred to as solar-hydrogen (SH) system 
(Figure 1- 12) (Shabani and Andrews, 2015). Standalone solar-hydrogen systems were 
successfully implemented and tested for renewable power supply in residential family houses in 
Freiburg, Germany (Stahl et al., 1994), Zollbruck, Switzerland (Hollmuller et al., 2000), China 
(Liu et al., 2010), Madrid, Spain (Chaparro et al., 2005) and in other twelve case studies. More 
details about these case studies can be found in reference (Zini and Tartarini, 2009). Recently, the 
Sir Samuel Griffith Centre, Australia’s first zero-emission teaching and research building, has been 
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entirely powered by solar-hydrogen energy via a system aimed to be a pilot for remote off-grid 
communities (Sir Samuel Griffith Centre). 
 
 
Figure 1- 12. The simple schematic of the solar-hydrogen system diagram used in the study conducted by Shapiro et al. 
(2005) 
 
In fact, the production of hydrogen and its subsequent use in fuel cells was proven to be technically 
viable under dynamic solar irradiance and dynamic load conditions (Tang et al., 2010). For 
instance, the proton-exchange membrane (PEM) fuel cell technology emerged to be one of the 
promising technologies that can be favourable for use in residential applications, due to the fact 
that it is quite simple, is easy to start up, can adjust efficiently to variable power demands, operate 
silently at low temperatures (i.e. 50-100 ºC), and requires low maintenance (Elmer et al., 2015, 
Wu and Wang, 2006). The electrical energy efficiency of the PEM fuel cell is in the range of ~30-
55% (based on the higher heating value (HHV) of hydrogen), depending on the current drawn from 
the FC (e.g. the load) (Shabani and Andrews, 2011). In other words a substantial portion of the 
energy content of hydrogen entering the fuel cell converts to heat rather than electricity and the 
fuel cell needs to be cooled by removing this heat (Sajid Hossain and Shabani, 2015, Islam et al., 
2015). Recovering the heat generated by the fuel cell and supplying it to an on-site thermal load 
could enhance the overall energy efficiency of the fuel cell, in heat and power supply applications, 
to around 70-80% (Hwang, 2013, Shabani and Andrews, 2011).  
Recovering the heat generated by the fuel cell in renewable hydrogen systems and using it for 
domestic heating applications have been further studied in literature. For instance, Zafar and 
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Dincer (2014) investigated a renewable hydrogen Combined Heat and Power (CHP) system 
consisting of PVs and/or wind turbines, an electrolyser system, a compressor, a hydrogen storage, 
a fuel cell, and heat recovery arrangement. They found that a 14% energy and 21% exergy 
efficiency increment for the whole system were achieved when water was heated for domestic use 
by using the heat recovered from the fuel cell. Cao and Alanne (2015) proved the technical 
feasibility of integrating an H2 vehicle with an on-site renewable hydrogen system for a zero-
energy building (ZEB) by using TRNSYS software. In their study, the co-generated heat from the 
hydrogen system was used to charge a hot water storage tank for domestic heating purposes, thus 
supporting around 20% of the heating load (space heating, hot water demand). Auxiliary electric 
heaters were used to satisfy the remaining thermal demand.   
Particularly, in a research conducted by Shabani et al. (2010), the overall year-round round-trip 
energy efficiency of a solar-hydrogen system designed for a  remote household in Victoria, 
Australia, was improved from about 24% in power only production to about 45% in both heat and 
electricity generation when a CHP arrangement similar to that shown in Figure 1- 13, was 
employed (Shabani et al., 2010, Shabani et al., 2011). For instance, the heat collected from the 
optimally-sized fuel cell in Shabani et al. (2010) was fully used to pre-heat the water for a domestic 
hot water demand and could only meet around half of the total year-round heat demand of the 
application (i.e. hot water demand). Hence, yet another source of heat was required to fill this gap. 
 
 
Figure 1- 13. Solar-hydrogen combined heat and power system as used and studied by Shabani (2010) 
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1.2.2 Solar-thermal systems 
In solar-thermal systems as depicted in Figure 1- 14, the incoming solar radiation is absorbed by 
the solar-thermal collector in the form of heat and transferred to a fluid (i.e. water) flowing through 
the collector. The collected solar energy is carried from the circulating fluid either directly to the 
hot water or to a thermal energy storage system from which the stored heat can be claimed back 
for use at night and/or during the time of low solar radiation (Kalogirou, 2004). However, the key 
limitation here is that these collectors alone, in their best design and size, cannot normally meet 
the entire hot water demand of a residential application (Kulkarni et al., 2007, Rodríguez-Hidalgo 
et al., 2012). This limitation is even more pronounced in areas with highly-variable solar radiation 
(i.e. on seasonal basis). For example, as shown by Budihardjo and Morrison (2009), a properly-
designed and sized solar hot water system (collectors with hot water storage tank) could meet 
between 60% and 70% of the annual hot water demand in Australia depending on the city 
considered, while falling deeply short in meeting the demand in winter. Hence, normally, a gas 
booster is used in conjunction with these solar-thermal collectors in order to boost the heat supply 
and fully meet the entire hot water demand.  
 
 
 
Figure 1- 14. The schematic of a solar-thermal system (ST) for water heating  used by Kalogirou (2004) with a booster 
working as an auxiliary heater 
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1.2.3 The novel concept of a standalone solar-hydrogen combined heat and power system 
integrated with a solar-thermal system: The focus of the thesis 
As described in sections 1.2.1 and 1.2.2, neither the solar-hydrogen CHP system (that is primarily 
designed to meet 100% of the electrical demand) nor the solar-thermal system, could fully, each 
by itself, meet the thermal demand (e.g. hot water) of typical standalone household applications. 
The integration of a solar-hydrogen (SH) CHP system (Figure 1- 13) with a solar-thermal (ST) 
system (Figure 1- 14) is expected to present a CHP combination that is advantageous in enhancing 
the fulfilment of the thermal demand (while fully supplying the power demand) for the following 
reason: when the solar radiation is low or unavailable, there is a shortage of heat supply from the 
collectors, that coincides with the absence of adequate electricity supplied by the PVs. This is the 
time that the fuel cell of the SH system operates and hence the heat generated by the fuel cell 
becomes available to be harvested and utilised. A complementary operational aspect of the two 
heat sources (SH CHP and ST) is foreseen. Although each of these two systems (SH CHP and ST) 
has been studied and investigated separately for domestic household applications, with the 
shortfalls of each, as was already described respectively in sections 1.2.1 and 1.2.2, their 
combination in a novel integrated system that has not been modelled and studied before. This 
project would fulfil then this knowledge gap.   
The project studies the techno-economics and sizing optimisation of an integrated solar hydrogen 
CHP-solar thermal (SH CHP-ST) system for use in standalone household applications in remote 
areas as a CHP system for power and hot water supply. For this purpose, the system is modelled 
and simulated in TRNSYS for the solar-hydrogen system to meet 100% of the power load. The 
research studies the possible configurations and selects the one with the highest thermal reliability 
(i.e. percentage of annual thermal demand met renewably). In this simulation, the dynamic energy 
performance of the system and its individual components is investigated. Thermal analysis is 
further performed to study the heat matching capability of the fuel cell with the un-supplied 
demand from the ST throughout the year, thus characterising the complementary operation aspect 
of the two heat sources (SH CHP and ST systems). The analysis also studies how the thermal 
performance (utilised/transferred heat) of each of the two heat sources is affected by this 
integration. This is further validated experimentally. Assessing metrics to model the multi-
aspectual characteristics (reliability, overall efficiency, cost of energy, and CO2 saving emissions) 
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of the integrated system are developed. Economic and sensitivity analysis is performed on the 
simulated model and results are compared to those for a conventional system (e.g. fossil fuel-
based). Then, a general sizing optimisation for the system is developed and implemented in 
MATLAB by using the genetic algorithm with multiple objectives (i.e. to minimise the total cost 
of energy, maximise the electrical and thermal loads met renewably, and minimise the percentage 
of the PV power wasted). Using this optimisation model, optimal scenarios for the given energy 
demands of the case study are obtained, analysed, and discussed.  
 
1.2.4 Significance of the novel SH CHP-ST system 
The hybrid SH CHP-ST system proposed here provides opportunities for making the entire heat 
and power supply system more cost effective, reliable, and independent, through reducing the 
dependency of the remote sites on the LPG booster while meeting the entire power demand.  
This improvement will make such renewable solutions that are used for heat and power supply in 
remote areas more reliable and cost effective. This will eventually support the presence and 
penetration of such sustainable solutions in the energy sector.  
 
1.3 AIM, OBJECTIVES, AND SCOPE OF THE THESIS 
1.3.1 Aim and objectives 
 
The aim of this research is to investigate an integrated solar hydrogen CHP-solar thermal (SH 
CHP-ST) system to be used for heat (i.e. hot water) and power supply in stand-alone applications 
(e.g. remote households).  
Following this aim, the key objectives of the project are thus to: 
1- analyse theoretically the techno-economic performance of an integrated SH CHP-ST 
system using a transient simulation model and study the sensitivity of the results to key 
input parameters; 
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2- recommend the best possible configuration for integrating a SH CHP system with a ST 
system to meet the 100% of the electrical demand and provide the maximum thermal 
reliability; 
3- experimentally study the system in order to quantify its performance in practice and 
validate the theoretically-calculated performance of the thermal part of this integrated 
system; 
4- develop a multi-objective sizing optimisation model using genetic algorithm method (in 
MATLAB) that aims to minimise the total cost of energy, minimise the percentage of the 
PV power wasted, and maximise the reliability of the integrated SH CHP-ST system being 
studied; and  
5- draw conclusions and make recommendations about the integrated SH CHP-ST system for 
use in standalone combined heat and power applications.  
 
1.3.2 Scope of thesis 
This research is limited to developing a simulation model for the SH CHP-ST system, validating 
experimentally the thermal performance of this integrated system, and performing a techno-
economic analysis with comparison to a reference conventional system (i.e. fossil fuel-based 
systems). A general sizing multi-objective optimisation is developed and implemented in 
MATLAB programming environment.  
The following boundaries are considered in pursuing the proposed research study: 
x Solar electricity (i.e. generated by PVs) will be used as the renewable source of power 
supply. Other renewable solutions for electricity generation such as wind will remain 
outside the scope of this study.  
x The load profiles to be considered for this study (e.g. case study) will be defined for a 
conservatively energy-efficient household located in a remote area (i.e. power and hot 
water demand). Space heating and cooling will not be considered, as a passive thermal 
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design is considered for the household being studied (i.e. without going into the details of 
such a design). 
x The design and sizing optimisation will be focused on the major components of the system 
(i.e. PVs, electrolyser, hydrogen storage, fuel cell, solar thermal collectors, and hot water 
storage); auxiliary components (e.g. heat exchangers, inverters, converters, etc.) will not 
be investigated and optimised through this research.  
x This research will not cover the detailed design of the control systems (e.g. converters, 
inverters, load splitter, etc.), while some performance parameters (e.g. the efficiencies) will 
be taken into consideration as readily available inputs to the model.   
 
1.4 RESEARCH QUESTIONS 
The main research questions that are addressed by this research include: 
1- What are the operation, sizing procedure, and the best possible system configurations for 
the integrated SH CHP-ST system being studied through this research?  
2- How are the heat extraction capacities from the two heat sources (i.e. fuel cell in the SH 
CHP system and collectors in the ST system) affected when the solar-hydrogen CHP and 
ST systems are integrated?  
 
3- How can the SH CHP system and the ST system complement each other throughout the 
year in meeting the thermal demand of a standalone application while the SH system is 
primarily designed for 100% supply of the electrical demand of the site? 
 
4- What are the techno-economic advantages and challenges of an integrated SH CHP-ST 
system assessed based on the defined system’s metrics (e.g. efficiency, reliability, cost)? 
 
5- What are the different optimal solutions resulting from a multi-objective sizing 
optimisation on the integrated system? (i.e. when the total cost of energy is minimised, the 
overall reliability is maximised, and the percentage of PV power wasted is minimised)? 
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1.5 RESEARCH OUTPUTS 
The outputs of this project are: 
x A computer simulation model of the SH CHP-ST system: This model has been created in 
TRNSYS software to simulate the integrated system and simulate its energy performance.  
x An economic evaluation model and a set of assessing metrics: These have been done in 
order to assess the techno-economic characteristics of the integrated system.  
x A multi-objective sizing optimisation: This has been developed along with a simulation 
module in MATLAB programming environment and can be widely used with the 
variability of the case studies for the SH CHP-ST system. The optimisation technique is 
based on metaheuristics population-based approach (i.e. genetic algorithm).  
x A case study: This has been used to investigate the feasibility of the SH CHP-ST system, 
when practiced for a remote Victorian (Australia) household and fully analyse its 
performance. 
x Experimental performance data: This has been collected in order to validate the results of 
the theoretical models on the thermal performance of the SH CHP-ST integrated system. 
x  A thesis supported by four peer-reviewed publications reflecting the details and findings 
of this PhD research. 
 
1.6 THESIS STRUCTURE 
The thesis adopts the following structure: 
Chapter 1: Introduction  
This chapter, as presented, includes the background information on the energy status and emissions 
and the surge of the renewable energy uptake globally. The background also includes an overview 
on solar energy followed by an overview about PV and energy storage arrangements used with PV 
systems, as well as solar-thermal collectors, with a focus on the technologies used in residential 
and household applications. This is followed by an introduction to the thesis and description of the 
novel idea of a solar-hydrogen CHP system integrated with a solar-thermal system and the related 
research gap that is the focus of the thesis. Research aim, objectives, scope and questions are also 
detailed in this chapter.  
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Chapter 2: Method 
This chapter reviews the research objectives and questions and outlines the methods followed by 
this thesis to address them and achieve the planned outcomes of this study.  
Chapter 3: A literature review 
A comprehensive literature review on the solar-hydrogen systems with PEM fuel cell as well as 
on solar-thermal systems used for residential applications is presented. This covers their different 
configurations, simulations, experimental, and optimisation studies. 
Chapter 4: The details of the transient simulation modelling and energy performance of a 
standalone solar-hydrogen combined heat and power system integrated with solar-thermal 
collectors are described in this chapter. This chapter includes the detailed description of the model 
created in TRNSYS to simulate the integrated CHP system and provides the simulation results for 
a given case study.  
Chapter 5: Economic analysis and assessment of a standalone solar-hydrogen combined heat and 
power system integrated with solar-thermal collectors are provided in this chapter. This chapter 
describes the assessing metrics for the integrated system including an economic evaluation model 
along with other relevant technical and environmental measures (i.e. reliability, overall efficiency, 
CO2 emissions saving). This chapter studies the potential of such an integrated system to achieve 
improved economic viability, reduce CO2 emissions, and enhance the system’s reliability. Results 
for the considered case study are provided and a sensitivity analysis is performed. Results are 
compared to those of a conventional system (fossil-fuel based).  
Chapter 6: Multi-objective sizing optimisation of a solar-thermal system integrated with a solar-
hydrogen combined heat and power system, using genetic algorithm is detailed in this chapter. It 
presents the multi-objective sizing optimisation that is developed and implemented in MATLAB. 
The objectives are to minimise the total cost of energy, to minimise the percentage of PV power 
wasted, and to maximise the reliability of the system (i.e. percentage of electrical and thermal loads 
met renewably). The code implements a simulation module in MATLAB programming 
environment and uses the genetic algorithm method for multi-objective sizing optimisation of the 
integrated SH CHP-ST system. Different resulting optimal scenarios for given energy demands of 
the case study are obtained and compared.  
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Chapter 7: Experimental investigation of a solar hot water system with integration of fuel cell heat 
from a solar-hydrogen system is presented in this chapter. The case study of a remote household 
in Victoria, Australia, same as that used for the theoretical study, is used for this part.  
This chapter describes the details of the experimental study that is performed in order to validate 
the thermal energy performance of this integrated system. The experimental results are presented 
and discussed, and compared with those obtained using the model.  
Chapter 8: This chapter covers 100% fulfilment of power and hot water demand from solar energy 
using an integrated solar-thermal/solar-hydrogen combined heat and power system with an inline 
heater: the case study of a remote household in Australia. Here the challenges to attain a 100% 
thermal reliability are discussed. A solution is proposed in which a renewably-operated inline 
electric heater is added to the integrated system (i.e. as part of the electric demand) to meet the 
existing small gap in meeting the thermal demand of the household. The advantages of this newly-
proposed solution and its effect on the techno-economic results are modelled and discussed in this 
chapter.  
Chapter 9: This chapter presents the conclusions drawn, reviews the research questions and 
addresses them in details. Recommendations for further research on this integrated system are 
provided in this chapter.  
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2 Methods 
  
2.1 OVERVIEW 
The method starts with a literature review that is always regarded as an indispensable part of a 
research study. The TRNSYS software tool is employed to model and simulate the integrated solar 
hydrogen CHP-solar thermal (SH CHP-ST) system. An experimental study is carried in order to 
validate the thermal energy performance in this integration. Assessing metrics are defined in order 
to evaluate the technical (i.e. reliability and overall efficiency), economic, and environmental (CO2 
saving emissions) characteristics of the system. As a further step, a general multi-objective sizing 
optimisation, taking the metrics as objectives, is developed and implemented in MATLAB. A case 
study of a remote household in southeast Australia (Victoria), with power and hot water demands, 
is taken as a representative conservative remote area application. Figure 2- 1 is a diagram 
summarising the method.  
 
Figure 2- 1. Diagram summarising the method used in the research  
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2.2 REVIEW OF RESEARCH STEPS  
 
 Literature review 
A literature review about the use of hydrogen systems in residential applications including remote 
domestic households was carried out. The review followed the categorisation below according to 
the different set-ups and configurations reviewed: 
¾ The applications and modellings of PEM fuel cells in residential CHP applications; 
¾ Fuel cell CHP systems with a renewable heat source including integrated models for 
buildings and residential applications; 
¾ Renewable-hydrogen systems in stand-alone systems, with particular emphasis on solar-
hydrogen systems, including applications and demonstrations for domestic cases especially 
in remote areas; 
¾ Renewable-hydrogen CHP systems for residential applications; and 
¾ Renewable-hydrogen systems in hybrid micro-grid models suitable for residential 
applications, including simulations, optimisations and economic analyses. 
This literature review shed further light on the project and helped significantly with developing 
the following steps to address the research objectives and questions outlined in chapter 1.  
 
 
 Simulation 
2.2.2.1     System modelling in TRNSYS 
Transient system simulation software (TRNSYS) has been used in order to model the integrated 
SH CHP-ST system introduced in chapter 1 and simulate its energy performance. TRNSYS is a 
complete and extensible simulation environment for the transient simulation of systems. It is used 
by engineers and researchers around the world in order to validate new energy concepts, from 
simple to complex alternative energy systems such as in solar energy systems (solar thermal and 
PV); low energy buildings and HVAC systems with advanced design features (natural ventilation, 
29 
 
slab heating/cooling, double facade, etc.); renewable energy systems; cogeneration, fuel cells; and 
many others that require dynamic transient simulation.   
The standard library of the software includes approximately 150 models of components ranging 
from pumps to multi-zone buildings, wind turbines to electrolysers, weather data processors, and 
basic HVAC equipment to cutting edge emerging technologies. Models are constructed in such a 
way that users can modify existing components or write their own, extending the capabilities of 
this modelling tool. The mathematical models of the system’s components are quasi-steady and 
are given in terms of their ordinary differential or algebraic equations. The steps taken in the 
modelling and simulation of the SH CHP-ST systems in TRNSYS were: 
1. Components’ identification and modelling of sub-systems: The components that need to 
be used in the system were identified. The components were selected from the TRNSYS 
library, where possible and their mathematical models were reviewed in detail in TRNSYS 
17 Manual (2012) as well as in other references for the proper handling and use of these 
components. However, new mathematical models and performance expressions were 
developed where the existing models within TRNSYS suggested limitations.  
2. Defining inputs to the simulation model: The inputs to the simulation model were defined 
and entered in TRNSYS. They consist of: 
x Meteorological data: It is given at each simulation time step (i.e. 1 hour), making 
the model dynamic. This data includes: 
o Solar radiation on a horizontal surface. This includes direct and diffuse 
solar radiation on horizontal as well as ground-reflectance. This data was 
taken from TRNSYS database specified for Melbourne, Australia (used as 
a case study conducted using the model). Given the “slope of surface” and 
its orientation, the solar radiation on tilted surface was calculated in the 
“weather sub-model” component of TRNSYS.  
o Ambient temperature and wind speed, also taken as hourly data from 
TRNSYS database for Melbourne. 
o Cold water temperature. This was taken as monthly average data from the 
Australian Bureau of Meteorology for Melbourne (BOM, 2014). 
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x Components’ technical characteristics: Defined and entered as “parameters” for 
each component. They include the size and technical characteristics for the 
components. The latters were mostly taken from corresponding manufacturers’ data 
sheets.  
x Case study characteristics: They consist of the load profiles, such as the power and 
hot water demands for the case considered and were defined on an average hourly 
basis. 
3. Formulation of the integrated model: All the selected components of the system (i.e. SH 
CHP-ST) were formulated into a single model by deriving the structure to be used to 
represent the system. Different configurations (models) were suggested. The overall 
requirement of the system in this application was defined to meet 100% of the power load, 
and accordingly, the sizing procedure of each component was defined with the targeted 
approach/functionality for each. An information flow diagram that shows the method 
through which all system components were inter-connected was constructed for each 
configuration. That is for the purpose of defining the flow of information among them, as 
well as the physical inter-connections, where required (e.g. hot water storage tank with 
other loops). For clarity, each component from the TRNSYS library is represented as a 
box, which requires a number of constant “parameters” (representing its technical 
characteristics) and a set of time-dependant inputs, and produces a set of time-dependant 
outputs. User-modelled components and expression functions had to follow the same 
input/output and inter-connection approach as well. A simplified information flow diagram 
for a solar-thermal system with components from the TRNSYS library is illustrated in 
Figure 2- 2. 
4. Running-up the model: All the above steps are done and simulation was ready to be run 
and checked with tentative component sizes at the start. The simulation time was taken as 
1 year (i.e. from 1 to 8760 hours). 
5. Sizing of components: The appropriate sizing of a component was done through a 
parametric study. That is, the system was repeatedly simulated with different sizes of that 
component under certain operating conditions and then the output performance was 
compared of each simulation with the pre-defined targets. These targets were set in the 
sizing approach for each component in order to meet 100% of the power load. This required 
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many run-up simulation trials to be performed in order to reach the final suitable solution 
with appropriate components’ sizes. 
6. Final simulation run-up and results obtained: By simulating the model with the proper 
sizing on an annual basis, the long-term performance of the integrated system could be 
evaluated and the dynamic behaviour of the system including its different components 
could be illustrated. Hourly as well as cumulative results were obtained. Results for specific 
periods were also defined and obtained.  
7. Results analysis: The results for different configurations (models) simulated in TRNSYS 
were analysed and compared. The configuration with the best thermal reliability (i.e. 
percentage of annual thermal demand met renewably) that could meet 100% of the power 
load, was then adopted to perform further detailed energy analysis on it. 
 
 
Figure 2- 2. Information flow diagram for a solar-thermal system as used in Hough (2006) 
32 
 
As already illustrated in Figure 2- 1, the simulation of the integrated SH CHP-ST system 
contributed to achieving the first and second objectives of this thesis as well as answering research 
questions 1, 2, and 3 that were all detailed in the Chapter 1. 
 
2.2.2.2     Assessing metrics 
The steps below were followed for an overall techno-economic assessment and analysis of the 
integrated system: 
1. Metrics models that assess the multi-aspectual characteristics of the SH CHP-ST system 
(i.e. simulated model), in terms of reliability, overall efficiency, economics, and 
environmental benefits, were developed.  
2. The metrics models were applied to the same case study. They required the following input 
data:   
x Results from the simulated system modelled in TRNSYS (e.g. percentage of annual 
thermal load met) that define the thermal reliability of the system. 
x Sizes for the different components, also taken from the simulated system in 
TRNSYS. 
x Total annual operating hours for the key components (i.e. electrolyser and fuel cell). 
x Economic data, including the unit capital, maintenance and operation costs of the 
components, annual increase/decrease rate of capital costs for each components, 
lifetime of the components, project lifetime, interest and inflation rates, fuel costs, 
annual increase/decrease in fuel cost, and financial incentives offered by the 
Government.  
x Emissions and energy data including primary energy conversion factors (i.e. for 
electricity), and CO2 emissions for some processes/primary energy uses. 
3. A sensitivity analysis was performed for the case study in order to examine the effect of 
variability of some key assumptions and parameters on the metrics of the system. Results 
were compared to those of a conventional fossil-fuel based system. 
This led to the achievement of objective 1 as well as an answer to research question 4 that were 
detailed in the Chapter 1. 
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 Optimisation 
As a further detailed investigation to support the outcomes of this research project, the constraints 
of meeting 100% of the power demand and of having zero PV power wasted were removed. 
Instead, multi objectives (i.e. metrics that characterise the system) were targeted and evaluated by 
optimally sizing the system’s components. 
The optimisation model was defined through: 
x Decision variables: The decision variables were defined (i.e. sizes of the different major 
components of the system). 
x System objectives: This was done by maximising or minimising each of the defined metrics 
that have been evaluated through the metrics models (i.e. to maximise reliability, minimise 
cost, and minimise the PV energy wasted). 
x System constraints: They include some thresholds on operation and components’ sizes. 
With the multiple possibly conflicting objectives, an optimisation search technique (i.e. meta-
heuristics population-based approach) that delivers the optimal (or near optimal) sizing solution 
was adopted.  
When the optimisation (i.e. for system sizing) problem has a single objective, the definition of 
“best solution” is one-dimensional and there is only one best solution. On the other hand, a multi-
objective optimisation with multiple objectives has no single solution but a set of optimal solutions, 
known as the “Pareto set” or “Pareto front”, which is the set of “non-dominated” solutions, where 
no improvement is possible in one objective without compromising other objectives (Alarcon-
Rodriguez et al., 2010). The researcher/designer can then assess and evaluate the trade-offs among 
the multiple objectives for different solutions of the Pareto set, and hence can make the 
selection/decision of an appropriate solution according to the case’s preference. “Pareto front” 
solutions can be obtained through different possible available optimisation search techniques. 
In fact, optimisation techniques, based on meta-heuristics population-based approaches, such as  
the genetic algorithm (GA) (which is part of the evolutionary programming), particle swarm 
optimisation (PSO), and simulation annealing (SA), etc., can deal with complex optimisation 
problems, especially in the case of non-linearity in the components’ characteristics, objectives, and 
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or constraints, or when dealing with dynamic models (with time –variability of input data), or with 
multiple objectives (Erdinc and Uzunoglu, 2012, Tan et al., 2013, Alarcon-Rodriguez et al., 2010, 
Luna-Rubio et al., 2012).  
For instance, the GA is inspired by the process of natural evolution, and works as follows: A basic 
GA consists of a random population generator, a “fitness” evaluation unit, and genetic operators 
for “selection”, “crossover”, and “mutation” operations. With the random population generation 
at the start, the GA algorithm offers random sizes that satisfy the constraints. Each of the random 
solution is evaluated according to the defined fitness function. “Selection” operators select the 
predefined percentage of the initial population due to the “fitness” values of the solutions. Utilising 
these selected solutions, “crossover” operators provide new possible solutions with the aim of 
achieving higher fitness values. The GA-based sizing method provides an iterative procedure 
utilising the GA operators, until pre-defined termination criteria are reached (Figure 2- 3). The 
most significant advantage of GA for use in hybrid system sizing is that it can easily jump out of 
a local minimum and has quite efficient capability to find the global optimum (Erdinc and 
Uzunoglu, 2012). 
As for the PSO algorithm, it is based on a social structure of basic creatures (i.e. food searching). 
Each potential solution in PSO population is called “a particle”. The coordinates of each particle 
represent a possible solution, which is associated with a position (i.e. representing the sizes of 
components, each along an axis) and a velocity. Each particle is initialised with a random velocity 
and is flown through the search space. It is assumed that each particle in the population has great 
knowledge on the current positions of its neighbours and of the particle having the best position. 
At each iteration, every particle moves towards an optimum solution through its present velocity 
and changes its current velocity on a certain axis in order to reach the best position. All the particles 
apply the same procedure at each iteration and thus a group movement is reached with the process. 
The iteration procedure continues until a pre-defined termination criterion is reached. The PSO 
approach presents an advantage that it is a simple concept involving few equations that are easy to 
implement, thus the computation time is relatively less compared to that of GA. However, its 
reliability for finding the global optimum is less than that of GA. Besides, PSO is less suitable than 
GA for problems consisting of more than three parameters (decision variables) (i.e. sizes) as PSO 
is based on coordinate definition of particles defined in x, y, z plane (Tan et al., 2013). 
35 
 
Additionally, PSO has been used for multi-objective optimization, but in a way that the problem 
is formulated to end up solving a single-objective optimization (Sharafi and Elmekkawy, 2014, 
Tezer et al., 2017). This has been done by either using the weighted sum method (Tezer et al., 
2017) or using a single objective (i.e. lowest levelised cost of energy) and expressing the other 
objective(s) as constraints, in case a “priori” preference information is known (Sharafi and 
Elmekkawy, 2014). 
For the above reasons, the genetic algorithm method best suits our application, as the number of 
decision variables exceeds three and no priori preferences or weights are considered in this study. 
In fact, the aim is to give out all possible optimal choices and leave it out to the user to choose 
according to one’s preference. A flowchart summarising the operation of the genetic algorithm is 
shown in Figure 2- 3. 
 
 
Figure 2- 3.  Flowchart for the genetic algorithm 
The related steps followed for the optimisation were: 
1. Structuring the program (M-file): A draft of the code was prepared. 
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2. Programming and optimisation: The simulation and metrics models were implemented in 
an M-file (i.e. created in MATLAB) to evaluate the “fitness function”. The optimisation 
toolbox in MATLAB was used for this purpose. 
3. Applying to the case study: Inputs (technical and economic) as well as energy demands, 
similar to those previously defined for the case study of the TRNSYS model and used for 
the techno-economic analysis, were adopted. 
A Pareto front of optimal solutions was obtained. The solutions with their objectives were 
compared to the solution of the sizing strategy adopted in the TRNSYS simulation. The multi-
objective optimisation expanded the knowledge base of different optimal sizing options suited to 
that system that can be selected based on the user’s preference. As already illustrated in Figure 2- 
1, the sizing multi-objective optimisation contributed to achieving objective 4 of this thesis as well 
as answering research questions 5 as detailed in the Introduction chapter. 
 
 Experimental study 
The TRNSYS simulation model of the SH CHP-ST system in terms of heat integration was 
validated though an experimental study. Labview software was employed for real-time acquisition 
of inputs during the experiments.  
The following steps were carried for this purpose: 
1. Preparation: 
x Risk assessment 
x Detailed design of the experiment 
x Listing and sourcing the required materials  
2. Experimental set-ups: 
x PV – load set-up that allows, through a Labview code, for the real-time 
computerised calculation of the fuel cell heat (cooling load), in the solar-hydrogen 
system operation (i.e. that of the TRNSYS model and case study). 
x Solar-thermal system with the integrated fuel cell heat that was emulated through a 
controlled operation and heat exchange from an urn. FC CHP was previously 
experimentally validated in RMIT (Shabani, 2010). 
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3. Data measurement, acquisition , and collection 
x Relevant measured data through the sensors (i.e. temperatures, mass flow rates, 
energy) were collected and acquired to Labview during three selected days (i.e. 
with cold and hot weather). 
x From the acquired real data, results were calculated in Labview such as the heat 
exchanged from the fuel cell (emulated through an urn) and the percentage of 
thermal demand met. 
The experiment was run during three representative days, respectively of winter, spring, and 
summer. Hourly average results from all sensors (i.e. voltage and current sensors, temperature 
sensors, flow-meter sensors) were calculated. Average hourly power results from Labview 
confirmed the proper operation of the system and gave real-time data about the fuel cell heat. The 
latter was simultaneously emulated through an urn and integrated to a solar-thermal system as per 
the configuration of the model.  
The hourly percentage of the thermal demand met was calculated in the experiment and compared 
to the results of the theoretical model, where similar meteorological data (i.e. solar radiation, 
ambient temperature, etc.) to that of each of the experimental days was considered in the model. 
The average hourly heat that could be transferred from the urn to the water tank was also calculated 
and compared to the hourly cooling load of the fuel cell (i.e. obtained from Labview). The heat 
gain from the solar-thermal collector was also calculated. Conclusions about the characteristics of 
the fuel cell heat transferred and the heat from the solar-thermal collector in this integrated system 
were made. 
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3 Literature review 
 
3.1 OVERVIEW 
A literature review, covering solar-thermal (ST) systems and solar-hydrogen (SH) combined heat 
and power (CHP) systems, that has been carried out as part of this research, is presented in this 
chapter. The review includes the set-ups of such systems, modelling and simulations, 
optimisations, recent developments, and applications. Hybrid systems are also reviewed with an 
introduction to the research gap in the literature and the motives behind this research project. 
Before moving into the above-mentioned systems, a brief description about solar radiation and 
relevant terminologies used in this research are presented. 
 
3.2 SOLAR RADIATION 
The sun emits its energy as electromagnetic radiation in the form of waves, with the elementary 
particles called photons. The wavelength range of the electromagnetic solar radiation that includes 
most of the energy radiated by the sun is between 0.15 and 3.0μm, where the wavelengths of the 
visible region lie between 0.38 and 0.72 μm. The part of the solar radiation that is between 0.72 
μm and 3.0μm is infrared radiation  (Duffie and Beckman, 2013).   
The total solar irradiance, also called intensity, is the rate at which solar radiation energy reaches 
a unit area, also reflecting the quantity or number of photons per unit of time on a unit of area. The 
mean solar irradiance at  the top of Earth’s atmosphere (directly facing the solar beam at a distance 
of one astronomical unit (AU) from the Sun) is 1,368 W/m² with a 3.3% variability due to the 
eccentric orbit of the earth around the sun, and it is called the solar constant (Duffie and Beckman, 
2013) (Figure 3- 1). The sun’s radiation must make it through the atmosphere barrier where it gets 
partly scattered (diffused) in all directions including back to space (particularly by cloud and dust 
particles in the atmosphere), or absorbed (mostly infrared radiation is absorbed by CO2 and H2O 
molecules in the atmosphere) before it reaches the earth’s surface. On average, around 50% of the 
solar energy incident outside the atmosphere reaches the earth. Figure 3- 1 shows an example of 
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how the spectrum of solar radiation reaching the surface of the earth is modified as it passes 
through the atmosphere due to atmospheric absorption and scattering. 
 
 
Figure 3- 1. Solar constant, that is the solar intensity at the entry point of the atmosphere at a distance of one 
astronomical unit (AU) from the Sun across a surface of unit area oriented normal to the solar beam (Fondriest 
Environmental, 2015) 
 
 
 
 
 
 
Figure 3- 2. Extra-terrestrial solar spectral irradiance in red (without atmospheric absorption; Air mass 0) and beam 
terrestrial solar spectral irradiance in green (after atmospheric absorption and scattering) for Air mass 1.5 on a “clear 
day”. Direct spectral irradiance is direct solar irradiance on a surface per unit of wavelength. The Air mass is the ratio of 
the distance that the solar radiation travels through the earth’s atmosphere (path length) at the designated location and 
time, to the distance (path length) it would travel if the sun were directly overhead (Hulstrom, 1989). 
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The solar radiation that reaches the earth consists of a beam or direct component that comes 
directly from the disc of the sun and a diffuse or scattered solar radiation that appears to come from 
all directions over the entire sky. The sum of direct and diffuse solar radiation on a surface in 
addition to a ground-reflectance radiation (radiation reflected from ground that usually is a small 
percentage) is called the global or total solar radiation (also called insolation) on this surface 
(Duffie and Beckman, 2013) (Figure 3- 3). In brief, the total solar radiation on a certain surface 
depends on the distance the sun rays have to travel in the atmosphere, their obliqueness to the 
surface as well as on atmospheric conditions (i.e. extent of cloud cover, amount of CO2 and dust, 
etc.). For example, in cloudy weather, up to 70% of solar radiation can be made up of the diffuse 
component (Fondriest Environmental, 2015). Hence, the solar radiation on a horizontal surface 
varies among locations, with day and time of the year, as well as depending on atmospheric 
conditions (GUL et al., 1998, Wong and Chow, 2001).  
 
 
Figure 3- 3. An illustration showing the different components of solar radiation on a ground surface (i.e. tree) 
 
The earth receives on average 89 PW of solar energy. All fossil fuel reserves, known to humankind, 
are equivalent to 20 days’ sunshine. Renewable energy resources have a virtual potential to supply 
thousands time more energy than the current global demand that is currently averaged at 13 TW 
(Abas et al., 2015, IEA, 2017). Innovative energy conversion technologies as well as improved 
efficiency of current ones can facilitate the gradual energy transition towards renewables over time 
(Andrews and Shabani, 2012).  
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3.3 SOLAR-THERMAL SYSTEMS: THEORY AND USE IN DOMESTIC 
APPLICATIONS  
 
3.3.1 Solar thermal systems for residential applications 
The major components of a solar-thermal arrangement are solar-thermal collectors and a thermal 
storage unit. Solar-thermal systems can be used for solar heating, cooling (i.e. by having the solar 
heat supplied to an absorption chiller), and for domestic hot water applications (Semmari et al., 
2017, Kalogirou, 2013). A solar-thermal system can also be coupled to a heat pump to supply the 
total thermal demand of a household application (Luo et al., 2017).  
However, the most popular application of solar thermal systems has remained to be for domestic 
water heating (IEA SHC, 2017). The popularity of these systems is based on the fact that relatively 
simple arrangements are involved and solar water heating systems are generally viable 
economically (Gautam et al., 2017).  
For domestic hot water applications, a hot water storage tank is used to play the role of a thermal 
storage in the system. In fact, a vertical stratified hot water storage tank is usually used in active 
systems in which hot water is settled on top of cold water (Kalogirou, 2013). In such systems, a 
small pump takes cold water from the bottom of the tank to the collector, and delivers the hot water 
from the collector to the top of the tank. Thermosiphon principles can be relied upon in smaller 
systems (i.e. in passive systems) to create this circulation where a horizontal tank is used and 
mounted on top of the collector.    
The most common types of active systems are indirect water heating systems and direct circulation 
systems (Kalogirou, 2013). In an indirect system, as shown in Figure 3- 4, a heat transfer fluid is 
circulated through a closed collector loop to a heat exchanger, where its heat is transferred to the 
stored water in the tank. The most commonly-used heat transfer fluids are water–ethylene glycol 
solutions, although other heat transfer fluids such as silicone oils and refrigerants can also be used. 
In a direct circulation system, as shown in Figure 3- 5, the pump circulates the water directly from 
the storage tank to the collectors with no use of heat exchanger inside the tank. Direct circulation 
systems can be used in areas where there is no freezing, while indirect systems are preferred in 
areas subject to extended freezing temperatures as such systems (i.e. with their closed heat loop 
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using a heat transfer fluid with freezing point below the ambient temperature) offer good freezing 
protection. 
 
 
Figure 3- 4. Indirect Water Heating System (Kalogirou, 2004) 
 
Figure 3- 5. Direct Circulation System (Kalogirou, 2004) 
 
3.3.2 Solar-thermal collectors 
3.3.2.1     Types of stationary solar-thermal collectors  
Three types of stationary (i.e. non-tracking) collectors are available for residential applications: 
Flat Plate Collectors (FPC), Evacuated Tube Collectors (ETC), and Compound Parabolic 
Collectors (concentrating) (CPC) (Kalogirou, 2013). FPC is the simplest and the least expensive 
option compared to other types. When the solar radiation passes through its transparent cover and 
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impinges on the blackened absorber surface, a large portion of this energy is absorbed by the plate 
and transferred to the transport medium in the fluid tubes (risers), to be carried away through the 
“header” for storage or use (Figure 3- 6). Essentially, typical selective surfaces consist of a thin 
upper layer, which is highly absorbent to short-wave solar radiation and has a low emittance for 
long-wave radiation, for heat loss reduction. FPCs deliver an output temperature between 25 ºC 
and 80 ºC.  Conventional simple flat-plate solar collectors were developed for use in sunny and 
warm climates. Their benefits, however, are greatly reduced when conditions become 
unfavourable during cold, cloudy and windy days. That is due to the incidence angle modifier 
effect that is reduced at high incidence angles as it will be shown in section 3.3.2.2 and illustrated 
in Figure 3- 11.  
 
                        
Figure 3- 6. Cross section of a flat plate collector and photo on right for an FPC (Morrison and Rosengarten, 2010)  
 
 
On the other hand, ETCs operate differently in a way that they consist of a heat pipe (a highly 
efficient thermal conductor) inside a vacuum-sealed tube (Figure 3- 7). ETCs deliver an output 
temperature between 25 ºC and 100 ºC and have demonstrated that the combination of a selective 
surface and an effective convection suppressor can result in good performance at high 
temperatures. In fact, the vacuum envelope reduces convection and conduction losses, so the 
collectors can operate at higher temperatures than FPCs. Similar to FPCs, ETCs collect both direct 
and diffuse radiation. However, their efficiency is higher at low incidence angles (as it will be 
shown in section 3.3.2.2 and illustrated in Figure 3- 12 , Figure 3- 13). This effect tends to give 
ETCs an advantage over FPC in day-long performance.  
45 
 
 
                           
Figure 3- 7. Tube cross section for an evacuated tube collector (heat pipe) and photo (right) for an ETC (Kalogirou, 2013) 
 
Two forms of evacuated tube collectors currently exist: the heat pipe and the direct flow ETC. 
Both are surrounded by the vacuum envelope and the difference between them is illustrated in 
Figure 3- 8. 
 
Figure 3- 8. Heat pipe principle (left) and direct flow ETC principle (right). The direct flow ETC has a co-axial direct flow 
while the heat pipe ETC is made as “U-pipe”, where the solar collector fluid runs through one single pipe shaped as a U 
and a liquid–vapour phase change materials is used to transfer heat (Solar distric heating guidelines, 2012). 
 
The third type of stationary collectors is CPC. It is a non-imaging concentrator and has the 
capability of reflecting to the absorber all of the incident radiation within wide limits (Figure 3- 
9). Its output temperature is between 25 ºC and 240 ºC. The necessity of moving the concentrator 
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to accommodate the changing solar orientation is reduced by using a trough with two sections of 
a parabola facing each other. 
 
             
Figure 3- 9. Schematic diagram (left) and photo (right) of a Compound Parabolic Collector (Kalogirou, 2013) 
 
Flat-plate collectors and evacuated-tube collectors are mostly used for low-temperature heat 
applications (i.e. solar water heating, space heating), while compound parabolic collectors can be 
used for medium-temperature heat applications (i.e. space heating and cooling as well as for 
industrial applications).  
 
3.3.2.2     Solar-thermal collectors: Net useful energy gain and efficiency 
The performance of a solar-thermal collector and consequently its efficiency mainly depend on the 
optical and thermal properties (i.e. absorptance, transmittance, heat loss factors) of the collector’s 
absorber plate and cover (Figure 3- 10).  
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Figure 3- 10. An illustration that shows in summary, how solar energy is reflected, absorbed and lost by a solar thermal 
collector, resulting in the net energy gain by the collector. The denotations on this figure are explained immediately next in 
the paragraph after this figure (Duffie and Beckman, 2013). 
 
The net useful energy gain by a solar-thermal collector (flat-plate and evacuated-tube) is obtained 
using the following equation introduced by Duffie and Beckman (2013): 
ܳ௨ =  ܣ௔ൣܩ௧(߬ߙ)௡ −  ܷ௅൫ ௣ܶ − ௔ܶ൯ ൧                                                                              (1) 
 
This could be written (Duffie and Beckman (2013)) in terms of the inlet fluid temperature 
௜ܶ as: 
 
 ܳ௨ =  ܣ௔ܨோ[ܩ௧(߬ߙ)௡ −  ௅ܷ( ௜ܶ − ௔ܶ) ]                                                                              (2) 
where  
 ܣ௔: Aperture area of the collector in m2                                                                                                                          
ܨோ: Collector heat removal factor for a tested flow rate. If the flow rate is changed from the test 
value, then the value of ܨோ will be corrected by a certain factor 
ܩ௧: Total incident radiation on the tilted surface in W/m2 
௜ܶ: Inlet fluid temperature in K 
௣ܶ: Average plate temperature in K 
௔ܶ: Ambient temperature in K 
߬ߙ: Transmittance–absorptance product of the collector 
(߬ߙ)௡: denote that the normal transmittance-absorptance product is used (as in testing). 
௅ܷ:  Collector overall loss coefficient in W/m2.K 
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The thermal efficiency is obtained by dividing ܳ௨ by the energy input ( ܣ௔ܩ௧): 
K ܨோ(߬ߙ)௡ − ܨோ ௅ܷ ቀ்೔ି்ೌ೟ீ ቁ                                                                              (3) 
 
In reality, the heat loss coefficient, ௅ܷ is not constant but is a function of the collector’s inlet and 
ambient temperatures. Therefore: 
 ܨோ ௅ܷ = ܿଵ + ܿଶ ( ௜ܶ −  ௔ܶ)                                                                                                   (4) 
where ܿଵ and ܿଶ are constant parameters for a certain collector and flow.  
For flat-plate and evacuated-tube collectors, the equation to determine the thermal energy collected 
can be expressed as below:        
ܳ௨ = ܣ௔ܨோ[ܩ௧(߬ߙ)௡ −  ܿଵ( ௜ܶ − ௔ܶ) − ܿଶ( ௜ܶ −  ௔ܶ)ଶ]        (5) 
 
Equation (5) can be re-written as: 
ɳௌ஼ =  ܽ଴ −  ܽଵ
൫்ೄ಴,೔೙ି ்ೌ೘್൯
೟ீ
−  ܽଶ
(்ೄ಴,೔೙ି ்ೌ೘್)మ
೟ீ
                                                      
where ܽ଴, ܽଵ, and ܽଶ become the parameters or characteristics for a certain collector (flat 
plate and evacuated-tube). 
(6) 
 
Equation (6) gives the efficiency equation for normal incidence (i.e. test conditions). However, 
the intercept efficiency, ܨோ(߬ߙ)௡, is corrected for non-normal solar incidence by the factor 
(߬ߙ)/(߬ߙ)௡, called the Incidence angle modifier (IAM). ܳ௨ is corrected as: 
 
ɳௌ஼ =  ܽ଴ × ܫܣܯ −  ܽଵ
൫ ௌܶ஼,௜௡ −  ௔ܶ௠௕൯
ܩ௧
−  ܽଶ
( ௌܶ஼,௜௡ −  ௔ܶ௠௕)ଶ
ܩ௧
 
(7) 
 
The Incidence angle modifier is obtained by considering the incidence angle modifier for each of 
the components (beam, diffuse). This is given in detail in Appendix 1 and is defined as (McIntire, 
1982):     
(߬ߙ)
(߬ߙ)௡
=
ܩ஻,௧
(߬ߙ)௕
(߬ߙ)௡  +  ܩ஽,ு
(1 + cos ߚ)
2  
(߬ߙ)ௗ
(߬ߙ)௡  + ߩ௚ × ܩு
(1 − cos ߚ)
2  
(߬ߙ)௚
(߬ߙ)௡
 ܩ௧
 
(8) 
where ܩ஻ ,௧ is the beam irradiance on tilted surface; ܩ஽ ,ு is the diffuse irradiance on horizontal; ܩு 
is the global horizontal solar irradiance; and ߩ௚ is the ground-reflectance (factor); β is the collector 
49 
 
slope above the horizontal plane; (߬ߙ)௕, (߬ߙ)ௗ, and (߬ߙ)௚ are respectively the (߬ߙ) for the beam, 
diffuse, and ground-reflected radiation. In cases where the optical efficiency of the beam and 
diffuse radiation are approximately the same for a collector, then the equation for ɳௌ஼  can be 
written as: 
ɳௌ஼ =  ܽ଴ × Ƙఏ −  ܽଵ
൫ ௌܶ஼,௜௡ − ௔ܶ௠௕൯
ܩ௧
−  ܽଶ
( ௌܶ஼,௜௡ −  ௔ܶ௠௕)ଶ
ܩ௧
 
(9) 
Figure 3- 11 shows an example of the incidence angle modifier for a flat-plate collector (beam 
radiation). 
 
 
Figure 3- 11.  An example of incidence angle modifier (curve/response) of flat-plate collector (Morrison and Rosengarten, 
2010)  
 
For evacuated tube collectors (ETCs), as they are optically non-symmetric, a biaxial incidence 
angle modifier (longitudinal and transversal) for Ƙఏ needs to be provided. Figure 3- 12 shows a 
graphical representation for the definition of the longitudinal and transversal incidence angles for 
a beam radiation of an incidence angle (ߠ) (in degrees). For instance:  
- The transversal incidence angle (ߠ௧) in degrees as shown in Figure 3- 12 is measured in 
a plane that is perpendicular to both the collector aperture and the longitudinal plane.  
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- The longitudinal incidence angle (ߠ௟) in degrees as shown Figure 3- 12 is measured in a 
plane that is perpendicular to the collector plane and contains the collector azimuth.  
 
 
Figure 3- 12. Transversal and longitudinal directions for the calculation of the incident angle modifier (IAM) for the 
beam radiation (TRNSYS 17 Manual, 2012) 
 
The IAM corresponding to the transversal incidence angle ߠ௧ is referred to as the transversal IAM 
and is denoted by Ƙଵ(ߠ௧); and the IAM corresponding to the longitudinal incidence angle ߠ௟ is 
referred to as the longitudinal IAM and is denoted by Ƙଶ(ߠ௟).  
 
 The IAM for beam radiation at given ߠ௧ and ߠ௟ can be approximated by multiplying the transversal 
IAM for the given (ߠ௧) with the longitudinal IAM for the given (ߠ௟) (McIntire, 1982): 
 Ƙఏ =   Ƙଵ(ߠ௧) ×  Ƙଶ(ߠ௟) (10) 
For an evacuated-tube collector,  Ƙ஘ is illustrated in Figure 3- 13 in its longitudinal and 
transversal components.                                                                                               
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Figure 3- 13. An example of Incidence angle response of evacuated tube collector to transverse and longitudinal incident 
radiation (Morrison and Rosengarten, 2010)  
 
As seen in Figure 3- 13, for an evacuated-tube collector, the transversal response is above 1 for 
incidence angles up to about 77˚ for example, and the resulting IAM may be above 1 for these 
angles. The reason is illustrated in Figure 3- 14. 
 
 
Figure 3- 14. (a) at normal incidence (reference), some beam radiation is lost by reflection back through the tube. (b) at 
some higher angles, all beam radiation is incident on the absorbing surface.  
 
Figure 3- 15 shows the thermal efficiency of different types of collectors used for solar water 
heating (e.g. FPCs and ETCs) (Kalogirou, 2013). The intersection of the line with the vertical axis 
corresponds to the optical efficiency. This is where the temperature of the fluid at the collector 
inlet is equal to the ambient temperature and no heat losses occur (i.e. collector efficiency is at its 
maximum). At the intersection of the line with the horizontal axis, collector efficiency is zero. This 
condition corresponds to such a high temperature of the fluid in the collector, that heat losses equal 
solar absorption, and as a result the collector delivers no useful heat. This condition, normally 
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called stagnation, usually occurs when no fluid flows in the collector. This maximum temperature 
(for a flat-plate or evacuated-tube collector) is given by the following equation: 
௠ܶ௔௫ =
ܩݐ(߬ߙ)݊
ܷܮ
 + ௔ܶ                                                                                                               (11) 
 
It can be seen that FPCs usually have higher intercept (optical) efficiencies than ETCs because 
their optical characteristics are better (no reflection losses), whereas ETCs outperform FPCs at 
higher temperatures because of lower heat loss for ETCs.  
 
 
Figure 3- 15. Efficiency of FPT and ETC collectors (Kalogirou, 2013). ࢚࢓ is the average collector’s plate temperature;  ࢚ࢇ 
is the ambient temperature; and ࡳ is the incident solar radiation on the collector. 
 
Several research studies addressing the properties of the collector’s absorber plate and cover 
material, including the coating of the selective surface, model the performance and efficiency of 
the thermal collector at different temperatures and radiation intensity (Kalogirou, 2004, Tian and 
Zhao, 2013, Kalidasan and Srinivas, 2014, Alami and Aokal, 2018). Some research aimed at 
optical optimisation and heat loss reduction in terms of the design criteria, material selection and 
different heat transfer enhancement technologies (Dagdougui et al., 2011, Panda et al., 2014, 
Alami and Aokal, 2018).   
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A review on the application and development of solar water heaters worldwide was carried in by 
Gautam et al. (2017). Particularly, as shown by Budihardjo and Morrison (2009), a properly-
designed and sized solar hot water system could meet between 60% and 70% of the annual hot 
water demand in Australia depending on the city considered, while falling deeply short in meeting 
the demand in winter. Hence, normally, a gas heater is used in conjunction with these solar-thermal 
collectors in order to boost the heat supply and fully meet the entire hot water demand. 
 
3.4 HYDROGEN SYSTEMS –THEORY, AND USE IN STATIONARY 
APPLICATIONS  
 
 The PEM fuel cell and electrolyser: Theory  
A fuel cell is an electrochemical device that converts the chemical energy from hydrogen into 
electricity and water, through an electrochemical reaction of hydrogen fuel with oxygen from air.  
A fuel cell stack consists of a number of cells connected in series and parallel. The operation 
principle of a proton-exchange membrane (PEM) fuel cell (FC), or simply PEMFC, is explained 
as follows (Figure 3- 16): 
Hydrogen is fed into the anode, and the reaction occurring at the anode is:      
Hଶ  → 2Hା + 2eି (12) 
The electrons in this reaction (12), produced with a potential, are passed into a circuit in order to 
feed a load. The protons ܪା pass through an electrolyte material. Certain polymers (electrolyte) 
can be made to contain mobile ܪା ions, and are thus called Proton Exchange Membranes. 
Air or oxygen is fed to the cathode and is recombined with the protons and electrons at the cathode. 
This reaction produces water, as per the following equation:   
 2ܪା + 2݁ି + 0.5 ܱଶ  →  ܪଶܱ                                                                                               (13) 
The total fuel cell reaction can be written as:        
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ܪଶ +  0.5 ܱଶ → ܪଶܱ                                                                                                               (14) 
The products of this process are electricity, water, and heat. 
       
Figure 3- 16. On the left: working principles of a PEM fuel cell (exfuelce.com). On the right: photo of a PEM fuel cell   
 
The maximum theoretical open circuit voltage produced by the fuel cell (i.e. in an ideal fuel cell 
with no irreversibilities) is determined based on the Gibbs free energy (2nd law of thermodynamics) 
as follow:    
 ܧ଴ =  
ି௱௚೑
ଶி  
(15) 
The quantity ߂݃௙ is the Gibbs free energy difference between the reactants and products. However, 
the maximum theoretical open circuit voltage  ܧ଴ (about 1.23 V at 25 °C and 1 atm) has to be 
corrected to ܧ for applied pressures and temperatures other than 1 atm and 25 °C respectively 
(using the Nerst equation - see Larminie and Dicks (2003)) (Appendix 2). When a load is 
connected to the fuel cell, the voltage drops below the maximum voltage (ܧ) due to different types 
of irreversibility occurring in the fuel cell.  The shape of the fuel cell polarisation curve 
(relationship between voltage and current, the U-I curve) is determined by considering these 
irreversibilities that appear in the form of different potential losses (ߟ௔௖௧ and ߟ௢௛௠௜௖) as follows 
(Butler-Volmer (BV) equation) (Larminie and Dicks, 2003):  
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 ௖ܷ௘௟௟ ,ி஼ =  ܧ −  ߟ௔௖௧ − ߟ௢௛௠௜௖    (16) 
 
ߟ௔௖௧ (V) is the activation overvoltage on the hydrogen and oxygen sides. This occurs in the first 
part of the polarisation curve (Figure 3- 17). It is caused by limitations on the rates of the reactions 
taking place on the surface of the hydrogen and oxygen electrodes. ߟ௢௛௠௜௖ (V) is the ohmic 
overvoltage. It consists of two types of losses, which are: 
- The ohmic electrode losses (ߟ௢௛௠௜௖ ,௘௟௘௖௧௥௢ௗ௘௦) in V caused by the electrodes resistances 
for the hydrogen and oxygen electrodes, against the flow of electrons. They are represented 
in the linear part of the polarisation curve (Figure 3- 17). 
- The membrane ohmic losses (ߟ௢௛௠௜௖ ,௠௘௠௕) in V, consist of two parts: 
1- Proton resistivity losses and mass transport losses in V. This results respectively 
from the membrane resistivity to proton transfer (linear part of the polarisation 
curve (Figure 3- 17) and from the limitation on the rate of transport of 
reactants/products to/from the reaction site. The latter becomes dominant as higher 
currents are drawn from the fuel cell, as shown on the far right of the polarisation 
curve (Figure 3- 17), and is known as the concentration overvoltage, where the fuel 
cell control system tends to shut the system down. 
2- Internal current losses (fuel crossover), caused by a fuel crossover through the 
membrane, are equivalent to an internal current when no load is connected to the 
fuel cell (no reaction). As seen in Figure 3- 17, with a fuel cell current of zero, the 
open circuit voltage is smaller than the reversible open circuit one (OCV). This is 
due to the loss caused by the effect of this internal current. 
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Figure 3- 17. Typical one-cell fuel cell polarisation curve (RMIT – Hydrogen Systems Course) 
 
Different modelling methods have been employed in the literature in order to determine the losses 
in equation (16) described above (Doddathimmaiah and Andrews, 2009, TRNSYS 17 Manual, 
2012, Deshmukh and Boehm, 2008). These are detailed in Appendix 2.  
 
The electrical energy efficiency of the fuel cell is the ratio of the energy output to the input 
chemical energy of hydrogen. As seen in Figure 3-18, this efficiency (ߟ௘௟௘௖௧௥௜௖௔௟) is higher when 
the fuel cell operates at the left part of the curve at a power lower than its rated power. 
 
                
(a)                                                                                  (b) 
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Figure 3- 18. (a): Example of fuel cell characteristic curve; (b): Example of fuel cell electric efficiency (HHV) with respect 
to the power percentage supplied (% of rated (maximum) power of the fuel cell) (Haile S.M., 2003). The thermal efficiency 
is related to the fuel cell heat output and will be explained next in section 3.4.2. 
 
PEM electrolysers work on similar principles, but in reverse direction. Power is applied to the 
electrolyser (in addition to water fed into it), and hydrogen and oxygen are produced by splitting 
water into its elements. Electrolysers can be used in renewable-hydrogen systems in which 
hydrogen is used for storing energy. The details of such systems will be presented in section 3.5.  
Figure 3-19 shows an example of the U-I and P-I curve for a 50-W electrolyser, and the P-I curve 
is approximately linear. Additionally, as hydrogen production in an electrolyser is directly 
proportional to the electrolyser current, this implies that the electrolyser energy efficiency (i.e. 
energy equivalent of hydrogen production rate over input energy to the electrolyser) does not vary 
significantly at different operating currents (Figure 3- 20). PEM electrolysers are currently 
available at efficiencies above 70% (Koponen et al., 2017) when operating at low pressures (i.e. 
close to atmospheric pressures).  
           
 
(a)                                                                                                           (b) 
Figure 3- 19.(a): Example of U-I curve for a 50 W PEM electrolyser (Shabani, 2010). (b): P-I curve of the electrolyser 
 
58 
 
 
Figure 3- 20. Efficiency of a PEM electrolyser versus current density (i.e. operating points) for different configurations 
studied in Zhang et al. (2012) 
 
 PEM fuel cells for stationary applications 
PEM fuel cell technology emerged to be one of the promising technologies for used in power 
supply applications that can be favourable for buildings and residential applications. This is 
because PEMFCs are simple; easy to start up; can adjust efficiently to variable power demands; 
operate silently at low temperatures (i.e. 50 ºC -80 ºC); and require low maintenance (Elmer et al., 
2015, Wu and Wang, 2006).  
The use of PEM fuel cells in stationary applications (e.g. buildings and residential applications 
including domestic households, combined heat and power (CHP) applications, micro-grids, and 
rural electrification) has been widely studied in the literature.  
In fact, the electrical energy efficiency of a PEM fuel cell is in the range of ~30-50% (HHV), 
depending on the current drawn from the FC (Shabani et al., 2011). In other words, a substantial 
portion of the energy content of hydrogen entering the fuel cell converts to heat rather than 
electricity Around 20% to 30% of this heat is picked by the water produced in the fuel cell (i.e. to 
be evaporated) and a few percent is taken out of the stack by the unconsumed hydrogen and air at 
the exit streams (Shabani et al., 2010). The rest ~60-70% of the total heat generated by the fuel 
cell has then to be collected by a properly designed cooling system in order to ensure that the stack 
does not become overheated (Shabani et al., 2010). 
Recovering this heat and using the fuel cell as a co-generation or combined heat and power (CHP) 
unit would increase its overall efficiency. For instance, Briguglio et al. (2011) carried out tests on 
PEMFC cogeneration systems in the range of 2.5-5 kW fed by hydrogen supplied from hydrogen 
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bottles at a nominal pressure of 1.7 bar. It was shown that it was possible to obtain water at about 
68 ºC under different power levels. The experimental data showed that a 5 kW fuel cell 
cogeneration (operated at 4.8 kW) could achieve an efficiency of 83% in heat and power 
generation. A call for a methodology has been issued by Adam et al. (2015) to effectively use the 
heat from the fuel cell system in residential building services, and identify possible connections 
between all the components from fuel cell/hydrogen system to energy consumption that could 
satisfy the design purpose and improve the heat integration. 
An example of such heat usage and integration is a hydrogen energy system for residential 
applications in Algeria based on a PEM fuel cell supplied by hydrogen obtained from steam 
reforming of natural gas such as methane, at high temperature.  As shown in Figure 3- 21, the first 
reaction of the steam reforming process is endothermic (consumes heat which is provided by an 
external burner; thus a combustion is involved), while the second reaction is mildly exothermic 
(produces heat that can be recovered). The system has been simulated and analysed by Bendaikha 
et al. (2011). The fuel cell heat was recovered through a thermal storage tank and supplied to a 
LiBr-H2O absorption chiller for residential cooling (Figure 3- 21). In fact the single-effect 
absorption chiller system LiBr-H2O can be operated at generation temperatures between 70 ºC and 
85 ºC.  The maximum COP of the absorption system was found to be 0.72 at a generation 
temperature of 70 ºC for a maximum cooling power of 4.86 kW as well as electricity supply. The 
feasibility study showed that using a PEMFC for residential cooling would be a promising solution. 
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Figure 3- 21. Schematic diagram studied by Bendaikha et al. (2011) of a simulated hydrogen system supplying heat to an 
absorption chiller. HTSR: high temperature water shift reactor; LTSR: low temperature water shift reactor; used to 
produce hydrogen from steam reforming of natural gas (methane) at high temperature as per this reaction:              ࡯ࡴ૝  +
 ࡴ૛ࡻ →  ࡯ࡻ +  ૜ ࡴ૛. PROX: preferential oxidation reactor used to covert carbon monoxide to carbon dioxide to recover 
more hydrogen as per this reaction:  ࡯ࡻ +  ࡴ૛ࡻ →  ࡯ࡻ૛  +   ࡴ૛ 
 
In other application for fuel cell heat recovery, Gandiglio et al. (2014) used the heat recovered 
from the PEM CHP stack (i.e.1 kWe PEM fuel cell also working on natural gas at an average stack 
operating temperature of 62 ˚C) and from the burner exhaust, to feed a low-temperature radiant 
floor heating system (input temperature 35 ˚C; Output temperature 45 ˚C). This has raised the 
efficiency of the fuel cell from 36% in electricity generation only to a global efficiency of around 
70% in heat and power generation (only 5 percent lower than the “ideal” case where all the fuel 
cell heat is recovered and there is no rejection to the environment). The arrangement could supply 
around 22.4% of the heat demand of a 50 m2 medium-low efficiency building in North Italy. It 
was also found that if a traditional radiator (operating between 80˚C and 60˚C) was used instead 
of floor heating, the fuel cell heat recovery would have not been really permitted, with only 7% 
thermal efficiency for the fuel cell. This was due to the high temperature required by traditional 
radiators, which is not a good match with the relatively low temperature of the PEM fuel cell.  
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In another work that optimised the operation of a fuel cell based on its combined power and heat 
supply, Hong et al. (2014) developed a framework for establishing the optimal implementation 
strategy of a fuel-cell-based CHP system (i.e. working on natural gas) for a multi-family housing 
complex. The implementation strategy consisted of the operating scheme of the fuel cell (whether 
it is power load following (PLF) or heat load following (HLF)). This has been assessed from the 
perspective of primary energy saving (PES), and life cycle cost (LCC) and life cycle CO2 (LCCO2). 
Different optimal sizes of fuel cell were obtained based on the operation selected (i.e. whether it 
is power load following or heat load following).  
The use of the fuel cell CHP in a PV/Fuel Cell (working on natural gas)/Battery in a micro-
generation system with a back-up burner and connection to the grid has been studied by Ren et al. 
(2016) for a residential building (Figure 3- 22). The possibility of electricity buy-back was also 
available. In that study, an optimisation model developed for the determination of the optimal 
running strategy has been performed by considering both economic and environmental objectives. 
Generally, for both optimisation options, the residential hybrid energy system achieved 
satisfactory economic, energy and environmental performances. For example, with the economic 
objective optimised, the reduction ratios of annual running cost, primary energy consumption, and 
CO2 emissions were 70%, 20% and 13%, respectively compared with the conventional system, 
while these reduction ratios were 54%, 38%, 32%, respectively with the environmental objective 
optimised.  
 
 
Figure 3- 22. Schematic of the hybrid PV/fuel cell/battery energy system as shown in Ren et al. (2016) 
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Similarly, Ranjbar and Kouhi (2015) introduced a micro-generation model consisting of  fuel cell 
CHP working on natural gas, photovoltaic panels and wind turbine with a connection to the grid. 
The model was applied to a residential load, where it was proven that the hybrid system with 
multiple sources would perform economically better than systems with a single source of each. In 
the same set-up but with off-grid arrangement, Keskin Arabul et al. (2017) could produce energy 
more efficiently by providing energy management of a fuel cell-battery-wind turbine-solar panel 
for an off grid smart home system with an electrical load including an electric vehicle charger. 
A fuel cell fuelled by natural gas, equipped with heat recovery, and integrated with a renewable 
heat source (i.e. ground source heat pump) was also investigated in literature. For instance, 
Bendaikha and Larbi (2012) analysed the feasibility of combining a low-temperature geothermal 
source with a PEM fuel cell subsystem (electrical power at 3.5 kW). The latter was supplied by a 
fuel reforming process for hydrogen production. The integrated system was used to supply hot 
water for space heating and cooling through a LiBr/H2O absorption system, to a school canteen 
for 240 students, located in the western region of Algeria. The system comprised two heat loops 
in order to recover the heat from both the geothermal source and the PEM fuel cell. The study 
showed that using such a combination could create independent energy systems. Similarly, the 
same integration (PEM fuel cell with ground source heat pump) was used by Yang et al. (2014) to 
supply the power, heating (hot water and space heating) and cooling (electrical load) for a mixed 
community of residential houses and small offices, but with possible import/export of electricity 
from and to the grid, and an auxiliary boiler for hot water. In the same context, Entchev et al. 
(2013) studied a similar arrangement (i.e. hybrid system consisting of a CHP PEM fuel cell fuelled 
by natural gas, and a renewable ground-source heat pump) for the supply of power, heating (hot 
water and space heating) and cooling (electrical load) to a mixed residential houses and small 
offices in Ottawa, Canada. The results of the simulation showed that this hybrid system could 
achieve a significant overall energy saving compared to a conventional system that utilises a boiler 
and a chiller to meet the thermal and electrical loads of the buildings.  
On the other hand, Gao et al. (2014) combined solar-thermal collectors with a solid oxide fuel cell 
(SOFC) (with heat recovery) fuelled by municipal gas for a typical building located in Fukuoka 
city in Japan. A PV array was also used in the system, and municipal electricity from the power 
plant in addition to hot water supplied from the sub-boiler, worked to fill the gap in case of shortage 
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of energy supply from the main system. In fact, PV and solar water heating alone were unlikely to 
provide a stable electrical or hot water supply due to high randomness of the available solar energy. 
Additionally, a SOFC system (not like the PEM fuel cell) was unlikely to provide enough end-use 
energy for a variable residential load. The author developed a model with an operation strategy for 
that system.  
 
3.5 RENEWABLE-HYDROGEN SYSTEMS FOR STATIONARY APPLICATIONS 
 
 Solar-hydrogen systems 
Solar-hydrogen systems have beeen studied and demonstrated for use in stationary applications in 
order to supply renewably power to the load. The solar-hydrogen system consists of PVs and a 
hydrogen-based energy storage system including an electrolyser, a hydrogen tank (or metal 
hydride) and a fuel cell. After supplying the power demand by the PVs, the excess electricity from 
the PVs energises the electrolyser that produces hydrogen through the electrolysis of water. 
Hydrogen is stored conveniently in a hydrogen tank or in metal hydrides. When there is shortage 
of power from the PVs, the fuel cell is started and draws on hydrogen from the storage to cover 
the power deficit. Hydrogen is an energy carrier that can be stored for as long as needed (i.e. it can 
be produced in summer and used in winter), and thus this system is useful for continuous year-
round (i.e. with long-term energy storage requriement) renewable power supply applications. 
Zini and Tartarini (2009) presented and discussed multiple case studies on solar-hydrogen systems. 
These case studies included real domestic and industrial projects, like: the FIRST (Fuel cell 
Innovative Remote System for Telecoms) (Figure 3- 23), a project studied at CIEMAT in Madrid, 
Spain, The Zollbruck full domestic system, a domestic project set-up operated in Zollbruck, and 
the GlashusEtt, developed by the “Glass house one”, a building in Stockholm, Sweden used as an 
exposition and information center for sustainable and renewable energy.  
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Figure 3- 23. Schematic diagram of the FIRST solar-hydrogen project studied at CIEMAT in Madrid, Spain. The hydrogen 
produced by the electrolyser was stored in metal-hydrides tanks. Source: Zini and Tartarini (2009) 
 
Simulations have been performed on solar-hydrogen systems in order to study theoretically their 
energetic performance. The ability of the system to work as a standalone unit for all year round 
was theoretically verified. For instance, the system was modelled in MATLAB by Rekioua et al. 
(2014) and in TRNSYS by Ozden and Tari (2016). In the latter, the energy and exergy efficiencies 
for the whole system applied to a load in Ankara were found as 4.06% and 4.25% respectively, 
with the PV having the highest exergy destruction. It was also suggested that the electrolyser and 
fuel cell costs need to be brought down (i.e. with expected mass production) for the economic 
competitiveness of the system.  However, Shabani and Andrews (2015) suggested the use of the 
system for a standalone remote telecommunication site as part of a fire contingency network in 
south-eastern Australia. With frequent maintenance visits required for other power supply systems 
(i.e. diesel, generator or PV/battery), solar-hydrogen systems were found to be a more economical 
option (i.e. on a lifecycle cost basis) than traditionally-used PV-batteries (both with and without a 
diesel generator back-up). This was mainly due to the inherent low O&M costs of the system.  
Experimentally, Liu et al. (2010) reported and analysed two months of operation data for China’s 
first solar-hydrogen system installed at the Institute of Nuclear and New Energy Technology 
(INET) of Tsinghua University. The system consisted of a 2-kW PV cell array, a 48 V/300Ah lead-
acid battery bank (just to smooth out the output from the PV), a 0.5 N.m3/h hydrogen production 
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capacity alkaline water electrolyser, a 10 N.m3 LaNi5 alloy hydrogen storage tank, and a 200 W 
H2/air PEM fuel cell. Other recent examples of such experimental set-ups include the solar-
hydrogen system that has been installed at the Mediterranea University of Regio Calabria (Marino 
et al., 2015), and the one integrated to a sustainable house in Mexico (Yunez-Cano et al., 2016). 
An attractive application of such a system was demonstrated in Sir Samuel Griffith Centre (Sir 
Samuel Griffith Centre, 2015), Australia’s first zero-emission teaching and research building, that 
has been entirely powered by solar-hydrogen energy via a system aimed to be a pilot for remote 
off-grid communities.  
 
 Hybrid renewable-hydrogen systems 
3.5.2.1 Categorisation of hybrid renewable-hydrogen systems 
The literature contains numerous reports on how hybrid renewable-hydrogen systems and models 
have been developed, studied and simulated. Such systems can be categorised and summarised as 
follows: 
 Solar-hydrogen systems used with turbine generators as an additional renewable energy 
source together with the photovoltaic array. The system can be referred to as a renewable-
hydrogen system. Examples include: Kashefi Kaviani et al. (2009), Türkay and Telli 
(2011), Iverson et al. (2013), Escobar et al. (2013), Kalinci et al. (2014), Lacko et al. 
(2014), Brka et al. (2015a). 
 Renewable-hydrogen systems used with an anaerobic reactor using biomass: This was 
investigated by Hakimi and Moghaddas-Tafreshi (2009), where the system consisted of 
wind turbines, an electrolyser, a fuel cell, hydrogen tanks, and an anaerobic reactor using 
biomass (municipal waste) as an available energy source to produce methane and supply it 
to a reformer for H2 production. 
 Renewable-hydrogen systems used with batteries: In such systems, batteries are used to 
store power for short-term use, while the hydrogen storage subsystem handles the long-
term energy storage requirement. Different control and power management strategies 
between the two storages (battery and hydrogen) were suggested in literature. Examples 
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include the studies published by Lagorse et al. (2008), Castañeda et al. (2013) and Guinot 
et al. (2014). 
 Renewable-hydrogen systems used with diesel generators or connection to the grid: 
Examples include the use of renewable-hydrogen systems with diesel generators and 
battery published by Bernal-Agustín and Dufo-López (2009), Avril et al. (2010), 
Giannakoudis et al. (2010), Sharafi and Elmekkawy (2014) (as shown in Figure 3- 24), or 
with diesel generators only without battery studied by Dufo-López and Bernal-Agustín 
(2008). A connection to the grid for the system for import and/or export of electricity was 
also investigated by Türkay and Telli (2011) and Petrollese et al. (2016). 
 
 
Figure 3- 24. Hydrogen system with Diesel, modelled and optimised by Sharafi and Elmekkawy (2014) 
 
 Renewable-hydrogen systems with heat recovery from the fuel cell: Recovering the heat 
generated by the fuel cell used in renewable-hydrogen systems and employing it for 
domestic heating applications have been studied in literature. For instance: Zafar and 
Dincer (2014) studied a renewable hydrogen CHP system consisting of a PV array and 
wind turbines, electrolyser, compressor, hydrogen storage, and a fuel cell. The results 
showed that without using the fuel cell heat as a useful input, the hydrogen generator-fuel 
cell sub-system efficiency was around 16% while it increased to 37% when the fuel cell 
heat was utilise to heat up water. The study was based on the assumption that 57% of the 
fuel cell output was heat. Particularly, Shabani et al. (2010) conducted research on a solar-
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hydrogen CHP system where the heat collected from the optimally-sized fuel cell  was 
fully used to pre-heat water for a domestic hot water demand. This heat could meet around 
half of the total year-round heat demand of the application (i.e. hot water demand), and the 
overall year-round round-trip energy efficiency of the solar-hydrogen was improved from 
about 24% in power only production to about 45% in both heat and electricity generation. 
In another application, Cao and Alanne (2015) proved the technical feasibility of 
integrating an H2 vehicle with an on-site renewable hydrogen system for a zero-energy 
building (ZEB). In their study, the co-generated heat from the hydrogen system was used 
to charge a hot water storage tank for domestic heating purposes, thus supporting around 
20% of the heating load (space heating and hot water demand). Auxiliary electric heaters 
were used to satisfy the remaining thermal demand. 
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3.5.2.2   Experimental demonstrations and control for hybrid renewable-hydrogen 
systems   
There are a number of experimental studies or demonstrations of hybrid renewable-hydrogen 
systems reported in the literature. Examples of this include:  
Valverde et al. (2016) studied experimentally the operating modes of a renewable system with 
hybrid power storages (i.e. battery and hydrogen storage subsystem). The analysis yields the 
conclusion that certain modes are more appropriate from technical and practical standpoints, when 
they are implemented in a real plant.  
Fathabadi (2017a) studied a standalone hybrid solar/wind/fuel cell system that was constructed in 
a remote coastal area of Greece with a particular focus on a novel MPPT technique implemented. 
It was experimentally verified that the constructed hybrid system efficiently produced electric 
energy for a remote area under different environmental conditions such as cloudy sky. The author 
has introduced a battery to it in Fathabadi (2017b). 
Brka et al. (2015b) tested experimentally a predictive control strategy (PMS) for a 
PV/wind/battery/fuel cell hydrogen system. In the predictive strategy employed for their system, 
the decision to switch the batteries power relay or activate the fuel cell unit was made according 
to the predicted (future) value of the load demand and (future) estimated value of the output power 
of the renewable sources at the next time step (15 minutes). That was done in order to increase the 
supply reliability, especially during transients of the load and sources. 
Petrollese et al. (2016) tested experimentally a control strategy with a model predictive control for 
the optimal generation scheduling of a renewable-hydrogen system with batteries and a connection 
to the grid in order to achieve both long-term and short-term optimal planning that minimised the 
total operating costs. In particular, the optimal energy management strategy (EMS) for long-term 
control, used both real-time load and weather forecast, and a stochastic approach was preferred to 
take uncertainties into account. The results showed an improvement in the system performance 
compared to the use of the state of charge (SOC) as a control variable. 
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3.5.2.3  Optimisation of hybrid renewable-hydrogen systems 
Optimisation techniques with different single or multi-objectives (i.e. economic, environmental, 
and energetic) approaches were used, particularly in order to optimise the size of individual 
components of the system.  
For instance, sizing optimisation has been done through parametric studies by performing multiple 
simulations and varying one or more of the input parameters (i.e. sizes of components) at each 
time, then selecting the set of variables (sizes) that best meet certain objectives (e.g. lowest unmet 
load (reliability), etc.) as in Castañeda et al. (2013), Escobar et al. (2013), and Yang et al. (2014). 
However, this could require many simulations to be performed, which would make the optimal 
solution hard to be found for a complex optimisation problem, especially with multiple number of 
components (i.e. energy sources and the components of energy storage system) and with multiple 
possibly-conflicting objectives (i.e. lowest cost and lowest unmet load). Therefore, the simulation 
models are sometimes combined with an optimisation search technique to deliver the optimal (or 
near optimal) solutions (Theo et al., 2017). 
For instance, Sharafi and Elmekkawy (2014) considered a hybrid power supply system including 
a wind turbine, PV panels, a diesel generator, a fuel cell, an electrolyser, and a hydrogen tank. The 
-particle swarm optimisation (PSO) technique with ε-constraint method was used to perform a 
multi-objective optimisation analysis to simultaneously minimise the total cost, the unmet load, 
and the fuel emissions. The ε-constraint method was used to transform the problem to a single-
objective optimisation (i.e. one supported by the PSO algorithm), and the other objectives were 
expressed as constraints, particularly if a priori preference is known (e.g. minimum allowed unmet 
load). The threshold values can generally be varied in order to gain more knowledge about the 
performance of the system.  
Brka et al. (2015a) used a multi-objective genetic algorithm (GA) method to optimise the 
components’ size of three stand-alone hydrogen systems with and without batteries (i.e. wind/H2, 
PV/H2, and wind/PV/H2 arrangements) under three objective functions, including minimising the 
net present cost (in $), the whole life cycle emissions (in CO2-eq/year), and the dumped/excess 
energy EE (in %) at low demands. A modified formula for the Loss of Power Supply Probability 
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(LPSP) index, which considered load losses during fuel cell transient start-up, was also introduced 
to assess its effect on system reliability.  
Giannakoudis et al. (2010) addressed the design and sizing optimisation under uncertainty of a 
system consisting of photovoltaic panels, wind generators, accumulators, an electrolyser, storage 
tanks, a compressor, a fuel cell and a diesel generator. The authors used the Stochastic Annealing 
optimisation algorithm, which was an adaptation of the Simulated Annealing algorithm to address 
uncertainties associated with weather fluctuations and operating efficiency of the electrolyser and 
fuel cell in the performed optimisation. This optimisation minimised the net present value of the 
system as the main objective.  
Singh et al. (2017) studied the economic viability of using a hybrid renewable energy system 
(HRES) to supply power to an academic research building in India with a capacity shortage of 0%. 
The system consisted of a PV array, an electrolyser, a hydrogen storage tank, a fuel cell, and a 
battery bank. A fuzzy logic cost optimisation aiming at cost minimisation was performed. The 
fuzzy logic program computed the optimum value of capital and replacement cost of the 
components, which was then utilized in HOMER pro software to calculate the optimum 
performance of the HRES.  
 
3.6 THIS STUDY: CONTRIBUTION TO THE BODY OF KNOWLEDGE 
As discussed in the above literature review, solar-thermal systems have been extensively studied 
in the past for renewable heat/hot water supply to domestic applications. In fact, the intermittent 
solar energy and its low availability in winter make this system unable to rely solely on solar 
energy, and a gas water heater is usually used in conjunction with it to make sure that the entire 
demand is met throughout the year. On the other hand, hydrogen and renewable-hydrogen systems, 
particularly those used for stationary and residential applications, have also been studied in 
literature, as detailed in the above literature review. This broadly includes: PEM fuel cells CHP 
systems; micro-generation systems using renewables and the fuel cell; solar-hydrogen systems; 
and hybrid renewable-hydrogen systems including CHP applications. Particularly, the importance 
of hydrogen storage subsystems lies in their ability to provide long-term energy storage, when 
used with renewables for meeting the power demand. Meanwhile, the feasibility of recovering heat 
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from the fuel cell was also demonstrated in the literature when the fuel cell is in operation for 
generating electricity. 
The proper integration (i.e. hybridisation) of multiple energy sources can open new horizons to 
fulfil energy demands.  
In the context of micro-generation systems using renewables as well as the fuel cell, for both heat 
and power supply, the system proposed by Gao et al. (2014), as mentioned in section 3.4.2, is one 
of the most relevant examples that can be found in the literature. The authors proposed a system 
by integrating the fuel cell used in CHP mode with both PVs and a solar-thermal collector system 
for power and hot water supply to a residential application. The authors developed the model as 
well as an operating strategy for it, and used GA method to optimise its size. However, the fuel 
cell used in this system was fuelled by municipal gas, and not from hydrogen produced renewably 
through an electrolyser powered by PVs. Also, due to the use of a high-temperature SOFC FC that 
could work in parallel with the solar-thermal collector, two hot water storage tanks, in addition to 
a “mixer” tank were used. Municipal electricity from the power plant, and hot water supplied from 
the sub-boiler, could fill the gap in case of shortage of energy supply from the main system.  
In this thesis, employing renewable (i.e. solar) energy resources with hydrogen-based energy 
storage subsystem to supply energy (i.e. power and hot water) to a stand-alone household 
application is emphasised through a proper novel integration of these resources. This was planned 
to achieve a hybrid renewable energy system capable of supplying both heat and power 
autonomously to above-mentioned applications. A SH CHP integrated with a ST system has been 
studied, modelled, simulated, and experimentally validated in this research project. This integrated 
system is a new design proposed and investigated through this research. This system has never 
been proposed, developed, configured, or studied before.  
As briefly described in chapter 1, in a solar-hydrogen system, photovoltaics (PVs) supply power 
to the load, and the excess PV power energises an electrolyser to produce hydrogen that is used to 
store energy (i.e. the chemical energy content of hydrogen) long-term . At times of power shortage 
from the PV, the fuel cell uses the stored hydrogen and produces electricity to meet the power 
demand of a remote household, taken in Victoria, Australia. This is done cleanly with no emissions 
through the chemical reactions between hydrogen and oxygen (i.e. usually taken from air). During 
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its operation in the solar-hydrogen system, the fuel cell also produces heat that can be recovered 
and supplied to an onsite thermal demand. The fuel cell heat is combined with the heat supplied 
from solar-thermal collectors to supply heat to fulfil hot water demand of a household (Figure 3- 
25).  
An important foreseen advantage of this integrated system is that while the solar-hydrogen system 
is designed to meet 100% of the power demand for the household, the heat produced by the fuel 
cell is available when there is shortage of power from the PVs (i.e. at times of relatively low or no 
solar radiation), which is expected to coincide with a shortage of heat from the solar-thermal 
collectors. The operation of the two heat sources (SH CHP and ST) can be complementary and 
present opportunities in supplying renewably power and hot water demand to an application 
disconnected from the grid or the gas networks (i.e. remote household) in all year-round. This 
system has been researched, studied, and analysed thoroughly in this thesis. The economic and 
optimisation aspects are also integral to this project alongside the simulation and the experimental 
validation. 
 
 
Figure 3- 25. Illustration of the novel idea and work: A transient simulation, an economic analysis, an optimisation, and an 
experiment, were all carried out in order to study and demonstrate the performance of the proposed new configuration of 
the integrated solar-hydrogen CHP/solar-thermal system and answer the research questions  
73 
 
REFERENCES 
ABAS, N., KALAIR, A. & KHAN, N. 2015. Review of fossil fuels and future energy 
technologies. Futures, 69, 31-49. 
ADAM, A., FRAGA, E. S. & BRETT, D. J. L. 2015. Options for residential building services 
design using fuel cell based micro-CHP and the potential for heat integration. Applied Energy, 
138, 685-694. 
ALAMI, A. H. & AOKAL, K. 2018. Enhancement of spectral absorption of solar thermal 
collectors by bulk graphene addition via high-pressure graphite blasting. Energy Conversion and 
Management, 156, 757-764. 
ANDREWS, J. & SHABANI, B. 2012. Re-envisioning the role of hydrogen in a sustainable 
energy economy. International Journal of Hydrogen Energy, 37, 1184-1203. 
AVRIL, S., ARNAUD, G., FLORENTIN, A. & VINARD, M. 2010. Multi-objective 
optimization of batteries and hydrogen storage technologies for remote photovoltaic systems. 
Energy, 35, 5300-5308. 
BENDAIKHA, W. & LARBI, S. 2012. Hybrid Fuel Cell and Geothermal Resources for Air-
Conditioning Using an Absorption Chiller in Algeria. Energy Procedia, 28, 190-197. 
BENDAIKHA, W., LARBI, S. & MAHMAH, B. 2011. Hydrogen energy system analysis for 
residential applications in the southern region of Algeria. International Journal of Hydrogen 
Energy, 36, 8159-8166. 
BERNAL-AGUSTÍN, J. L. & DUFO-LÓPEZ, R. 2009. Efficient design of hybrid renewable 
energy systems using evolutionary algorithms. Energy Conversion and Management, 50, 479-
489. 
BRIGUGLIO, N., FERRARO, M., BRUNACCINI, G. & ANTONUCCI, V. 2011. Evaluation of 
a low temperature fuel cell system for residential CHP. International Journal of Hydrogen 
Energy, 36, 8023-8029. 
BRKA, A., AL-ABDELI, Y. M. & KOTHAPALLI, G. 2015a. The interplay between renewables 
penetration, costing and emissions in the sizing of stand-alone hydrogen systems. International 
Journal of Hydrogen Energy, 40, 125-135. 
BRKA, A., KOTHAPALLI, G. & AL-ABDELI, Y. M. 2015b. Predictive power management 
strategies for stand-alone hydrogen systems: Lab-scale validation. International Journal of 
Hydrogen Energy, 40, 9907-9916. 
BUDIHARDJO, I. & MORRISON, G. L. 2009. Performance of water-in-glass evacuated tube 
solar water heaters. Solar Energy, 83, 49-56. 
CAO, S. & ALANNE, K. 2015. Technical feasibility of a hybrid on-site H2 and renewable 
energy system for a zero-energy building with a H2 vehicle. Applied Energy, 158, 568-583. 
74 
 
CASTAÑEDA, M., CANO, A., JURADO, F., SÁNCHEZ, H. & FERNÁNDEZ, L. M. 2013. 
Sizing optimization, dynamic modeling and energy management strategies of a stand-alone 
PV/hydrogen/battery-based hybrid system. International Journal of Hydrogen Energy, 38, 3830-
3845. 
DAGDOUGUI, H., OUAMMI, A., ROBBA, M. & SACILE, R. 2011. Thermal analysis and 
performance optimization of a solar water heater flat plate collector: Application to Tétouan 
(Morocco). Renewable and Sustainable Energy Reviews, 15, 630-638. 
DESHMUKH, S. S. & BOEHM, R. F. 2008. Review of modeling details related to renewably 
powered hydrogen systems. Renewable and Sustainable Energy Reviews, 12, 2301-2330. 
DODDATHIMMAIAH, A. & ANDREWS, J. 2009. Theory, modelling and performance 
measurement of unitised regenerative fuel cells. International Journal of Hydrogen Energy, 34, 
8157-8170. 
DUFFIE, J. A. & BECKMAN, W. A. 2013. Solar Radiation. Solar Engineering of Thermal 
Processes. John Wiley & Sons, Inc. 
DUFO-LÓPEZ, R. & BERNAL-AGUSTÍN, J. L. 2008. Multi-objective design of PV–wind–
diesel–hydrogen–battery systems. Renewable Energy, 33, 2559-2572. 
ELMER, T., WORALL, M., WU, S. & RIFFAT, S. B. 2015. Fuel cell technology for domestic 
built environment applications: State of-the-art review. Renewable and Sustainable Energy 
Reviews, 42, 913-931. 
ENTCHEV, E., YANG, L., GHORAB, M. & LEE, E. J. 2013. Simulation of hybrid renewable 
microgeneration systems in load sharing applications. Energy, 50, 252-261. 
ESCOBAR, B., HERNÁNDEZ, J., BARBOSA, R. & VERDE-GÓMEZ, Y. 2013. Analytical 
model as a tool for the sizing of a hydrogen production system based on renewable energy: The 
Mexican Caribbean as a case of study. International Journal of Hydrogen Energy, 38, 12562-
12569. 
FATHABADI, H. 2017a. Novel standalone hybrid solar/wind/fuel cell power generation system 
for remote areas. Solar Energy, 146, 30-43. 
FATHABADI, H. 2017b. Novel standalone hybrid solar/wind/fuel cell/battery power generation 
system. Energy, 140, 454-465. 
FONDRIEST ENVIRONMENTAL 2015. Fundamentals of Environmental Measurements. 
GANDIGLIO, M., LANZINI, A., SANTARELLI, M. & LEONE, P. 2014. Design and 
optimization of a proton exchange membrane fuel cell CHP system for residential use. Energy 
and Buildings, 69, 381-393. 
GAO, X., AKASHI, Y. & SUMIYOSHI, D. 2014. Installed capacity optimization of distributed 
energy resource systems for residential buildings. Energy and Buildings, 69, 307-317. 
75 
 
GAUTAM, A., CHAMOLI, S., KUMAR, A. & SINGH, S. 2017. A review on technical 
improvements, economic feasibility and world scenario of solar water heating system. 
Renewable and Sustainable Energy Reviews, 68, 541-562. 
GIANNAKOUDIS, G., PAPADOPOULOS, A. I., SEFERLIS, P. & VOUTETAKIS, S. 2010. 
Optimum design and operation under uncertainty of power systems using renewable energy 
sources and hydrogen storage. International Journal of Hydrogen Energy, 35, 872-891. 
GUINOT, B., CHAMPEL, B., MONTIGNAC, F., LEMAIRE, E., VANNUCCI, D., SAILLER, 
S. & BULTEL, Y. 2014. Techno-economic study of a PV-hydrogen-battery hybrid system for 
off-grid power supply: Impact of performances' ageing on optimal system sizing and 
competitiveness. International Journal of Hydrogen Energy, 40, 623-632. 
GUL, M. S., MUNEER, T. & KAMBEZIDIS, H. D. 1998. Models for obtaining solar radiation 
from other meteorological data. Solar Enegy, 64, 99-1-8. 
HAILE S.M. 2003. Fuel cell material and components. Acta Materialia, 51, 5981-6000. 
HAKIMI, S. M. & MOGHADDAS-TAFRESHI, S. M. 2009. Optimal sizing of a stand-alone 
hybrid power system via particle swarm optimization for Kahnouj area in south-east of Iran. 
Renewable Energy, 34, 1855-1862. 
HONG, T., KIM, D., KOO, C. & KIM, J. 2014. Framework for establishing the optimal 
implementation strategy of a fuel-cell-based combined heat and power system: Focused on 
multi-family housing complex. Applied Energy, 127, 11-24. 
HULSTROM, R. 1989. Solar Resources, Massachusetts Institute of Technology. 
IEA 2017. World Energy Outlook. 
IEA SHC. 2017. Solar Heat Worldwide [Online]. Available: http://www.iea-
shc.org/data/sites/1/publications/Solar-Heat-Worldwide-2017.pdf [Accessed 1/8/2018]. 
IVERSON, Z., ACHUTHAN, A., MARZOCCA, P. & AIDUN, D. 2013. Optimal design of 
hybrid renewable energy systems (HRES) using hydrogen storage technology for data center 
applications. Renewable Energy, 52, 79-87. 
KALIDASAN, B. & SRINIVAS, T. 2014. Study on Effect of Number of Transparent Covers 
and Refractive Index on Performance of Solar Water Heater. Journal of Renewable Energy, 214. 
KALINCI, Y., HEPBASLI, A. & DINCER, I. 2014. Techno-economic analysis of a stand-alone 
hybrid renewable energy system with hydrogen production and storage options. International 
Journal of Hydrogen Energy. 
KALOGIROU, S. A. 2004. Solar thermal collectors and applications. Progress in Energy and 
Combustion Science, 30, 231-295. 
KALOGIROU, S. A. 2013. Solar Energy Engineering : Processes and Systems. 
76 
 
KASHEFI KAVIANI, A., RIAHY, G. H. & KOUHSARI, S. M. 2009. Optimal design of a 
reliable hydrogen-based stand-alone wind/PV generating system, considering component 
outages. Renewable Energy, 34, 2380-2390. 
KESKIN ARABUL, F., ARABUL, A. Y., KUMRU, C. F. & BOYNUEGRI, A. R. 2017. 
Providing energy management of a fuel cell–battery–wind turbine–solar panel hybrid off grid 
smart home system. International Journal of Hydrogen Energy, 42, 26906-26913. 
KOPONEN, J., KOSONEN, A., RUUSKANEN, V., HUOMAN, K., NIEMELÄ, M. & AHOLA, 
J. 2017. Control and energy efficiency of PEM water electrolyzers in renewable energy systems. 
International Journal of Hydrogen Energy, 42, 29648-29660. 
LACKO, R., DROBNIČ, B., SEKAVČNIK, M. & MORI, M. 2014. Hydrogen energy system 
with renewables for isolated households: The optimal system design, numerical analysis and 
experimental evaluation. Energy and Buildings, 80, 106-113. 
LAGORSE, J., SIMÕES, M. G., MIRAOUI, A. & COSTERG, P. 2008. Energy cost analysis of 
a solar-hydrogen hybrid energy system for stand-alone applications. International Journal of 
Hydrogen Energy, 33, 2871-2879. 
LARMINIE & DICKS 2003. Fuel cell explained 2003, John Wiley and Sons. 
LIU, Z., QIU, Z., LUO, Y., MAO, Z. & WANG, C. 2010. Operation of first solar-hydrogen 
system in China. International Journal of Hydrogen Energy, 35, 2762-2766. 
LUO, X., HOU, Q., WANG, Y., XIN, D., GAO, H., ZHAO, M. & GU, Z. 2017. Experimental 
on a novel solar energy heating system for residential buildings in cold zone of China. Procedia 
Engineering, 205, 3061-3066. 
MARINO, C., NUCARA, A. & PIETRAFESA, M. 2015. Electrolytic Hydrogen Production 
From Renewable Source, Storage and Reconversion in Fuel Cells: The System of the 
“Mediterranea” University of Reggio Calabria. Energy Procedia, 78, 818-823. 
MCINTIRE, W. R. 1982. Factored approximations for biaxial incidence angle modifier. Solar 
Energy, 24, pp. 315. 
MORRISON, G. & ROSENGARTEN, G. 2010. Solar Thermal Energy Design, School of 
Mechanical and Manufacturing Engineering, University of New South Wales. 
OZDEN, E. & TARI, I. 2016. Energy–exergy and economic analyses of a hybrid solar–hydrogen 
renewable energy system in Ankara, Turkey. Applied Thermal Engineering, 99, 169-178. 
PANDA, S., SINGLA, R. K., DAS, R. & MARTHA, S. C. 2014. Identification of design 
parameters in a solar collector using inverse heat transfer analysis. Energy Conversion and 
Management, 88, 27-39. 
PETROLLESE, M., VALVERDE, L., COCCO, D., CAU, G. & GUERRA, J. 2016. Real-time 
integration of optimal generation scheduling with MPC for the energy management of a 
renewable hydrogen-based microgrid. Applied Energy, 166, 96-106. 
77 
 
RANJBAR, M. R. & KOUHI, S. 2015. Sources’ Response for supplying energy of a residential 
load in the form of on-grid hybrid systems. International Journal of Electrical Power & Energy 
Systems, 64, 635-645. 
REKIOUA, D., BENSMAIL, S. & BETTAR, N. 2014. Development of hybrid photovoltaic-fuel 
cell system for stand-alone application. International Journal of Hydrogen Energy, 39, 1604-
1611. 
REN, H., WU, Q., GAO, W. & ZHOU, W. 2016. Optimal operation of a grid-connected hybrid 
PV/fuel cell/battery energy system for residential applications. Energy, 113, 702-712. 
SEMMARI, H., LEDENN, A., BOUDÉHENN, F., PRAENE, J.-P., LUCAS, F. & MARC, O. 
2017. Case study for experimental validation of a new presizing tool for solar heating, cooling 
and domestic hot water closed systems. Case Studies in Thermal Engineering, 10, 272-282. 
SHABANI, B. 2010. Solar-hydrogen combined heat and power systems for remote area power 
supply, PhD thesis. RMIT University, Australia. 
SHABANI, B. & ANDREWS, J. 2015. Standalone solar-hydrogen systems powering Fire 
Contingency Networks. International Journal of Hydrogen Energy, 40, 5509-5517. 
SHABANI, B., ANDREWS, J. & SUKHVINDER, B. 2011. Fuel cell heat recovery, electrical 
load management, and the economics of solar-hydrogen systems. International Journal of Power 
& Energy Systems, 30, 256-262. 
SHABANI, B., ANDREWS, J. & WATKINS, S. 2010. Energy and cost analysis of a solar-
hydrogen combined heat and power system for remote power supply using a computer 
simulation. Solar Energy, 84, 144-155. 
SHARAFI, M. & ELMEKKAWY, T. Y. 2014. Multi-objective optimal design of hybrid 
renewable energy systems using PSO-simulation based approach. Renewable Energy, 68, 67-79. 
SINGH, A., BAREDAR, P. & GUPTA, B. 2017. Techno-economic feasibility analysis of 
hydrogen fuel cell and solar photovoltaic hybrid renewable energy system for academic research 
building. Energy Conversion and Management, 145, 398-414. 
SIR SAMUEL GRIFFITH CENTRE 2015. https://www.griffith.edu.au. 
SOLAR DISTRIC HEATING GUIDELINES 2012. Solar collectors, Fact sheet 7.1. www.solar-
district-heating.eu. 
THEO, W. L., LIM, J. S., HO, W. S., HASHIM, H. & LEE, C. T. 2017. Review of distributed 
generation (DG) system planning and optimisation techniques: Comparison of numerical and 
mathematical modelling methods. Renewable and Sustainable Energy Reviews, 67, 531-573. 
TIAN, Y. & ZHAO, C. Y. 2013. A review of solar collectors and thermal energy storage in solar 
thermal applications. Applied Energy, 104, 538-553. 
TRNSYS 17 MANUAL 2012. A transient system simulation program. Madison, WI: University 
of Wisconsin, Madison, Solar Energy Laboratory. 
78 
 
TÜRKAY, B. E. & TELLI, A. Y. 2011. Economic analysis of standalone and grid connected 
hybrid energy systems. Renewable Energy, 36, 1931-1943. 
VALVERDE, L., PINO, F. J., GUERRA, J. & ROSA, F. 2016. Definition, analysis and 
experimental investigation of operation modes in hydrogen-renewable-based power plants 
incorporating hybrid energy storage. Energy Conversion and Management, 113, 290-311. 
WONG, L. T. & CHOW, W. K. 2001. Solar radiation model. Applied Energy, 69, 191-224. 
WU, D. W. & WANG, R. Z. 2006. Combined cooling, heating and power: A review. Progress in 
Energy and Combustion Science, 32, 459-495. 
YANG, L., ENTCHEV, E., GHORAB, M., LEE, E. J. & KANG, E. C. 2014. Energy and cost 
analyses of a hybrid renewable microgeneration system serving multiple residential and small 
office buildings. Applied Thermal Engineering, 65, 477-486. 
YUNEZ-CANO, A., GONZÁLEZ-HUERTA, R. D. G., TUFIÑO-VELÁZQUEZ, M., 
BARBOSA, R. & ESCOBAR, B. 2016. Solar-hydrogen hybrid system integrated to a sustainable 
house in Mexico. International Journal of Hydrogen Energy, 41, 19539-19545. 
ZAFAR, S. & DINCER, I. 2014. Energy, exergy and exergoeconomic analyses of a combined 
renewable energy system for residential applications. Energy and Buildings, 71, 68-79. 
ZHANG, H., SU, S., LIN, G. & CHEN, J. 2012. Efficiency Calculation and Configuration 
Design of a PEM Electrolyzer System for Hydrogen Production. Int. J. Electrochem. Sci., , 7, 
4143 - 4157. 
ZINI, G. & TARTARINI, P. 2009. Hybrid systems for solar hydrogen: A selection of case-
studies. Applied Thermal Engineering, 29, 2585-2595. 
 
 
 79 
 
4 Transient simulation modelling  
 
The details of the transient simulation modelling and energy performance of the solar-
hydrogen combined heat and power system integrated with solar-thermal system are 
described in this chapter, in the form of a paper published in Applied Energy (Q1 journal). 
This chapter includes the detailed description of the model created in TRNSYS to simulate 
the integrated CHP system and provides the simulation results for the case study of a remote 
household in Victoria, Australia. Two possible configurations of the integrated system are 
studied and the optimal one is selected and further analysed. This integration approach 
presents an important advantage that makes the integrated system be effectively used for 
standalone power and hot water supply with very little dependence on fossil fuels. With this 
integrated system, the heat extracted from a renewable solar-hydrogen CHP system can be 
effectively complemented by the heat supplied by solar-thermal collectors. This chapter 
answers theoretically research questions 1, 2, and 3 and contributes to objectives 1 and 2, as 
detailed in chapter 1.   
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5 Economic analysis and assessment 
 
A detailed economic analysis and assessment of the standalone solar-hydrogen combined 
heat and power system integrated with the solar-thermal system are provided in this chapter 
in the form of a paper published in International Journal of Hydrogen Energy (Q1 journal). 
This chapter describes the assessing metrics for the integrated system including an economic 
evaluation model along with other relevant technical and environmental measures (i.e. 
reliability, overall efficiency, CO2 emissions saving). This chapter studies the potential of 
such an integrated system to achieve improved economic viability, reduce CO2 emissions, 
and enhance the system’s reliability. The results for the case study of a remote household in 
Victoria, Australia are provided and compared to those of a conventional system (fossil-fuel 
based). This chapter answers research question 2 and contributes to objective 1, as detailed in 
chapter 1.   
 
 82 
 
 
 
http://dx.doi.org/10.1016/j.ijhydene.2016.08.117 
 
 
 83 
 
6 Multi-objective sizing optimisation 
 
Genetic algorithm method is used to conduct a multi-objective sizing optimisation of the 
solar-hydrogen combined heat and power system integrated with solar-thermal system. 
Details of this optimisation are provided in the present chapter, in the form of a paper 
published in Energy Conversion and Management Journal (Q1 journal). A simulation module 
in MATLAB programming environment is used to generate a code and employ genetic 
algorithm method for multi-objective sizing optimisation. Energy demands and 
meteorological data for the case of the remote household located in Victoria, Australia are 
considered. The sizes of the main components of the system are optimised with the objectives 
of maximising the overall reliability of the system, minimising the levelised cost of energy, 
and minimising the percentage of excess energy from the PV that is not utilised. The different 
resulting optimal scenarios for given energy demands of the case study are obtained and 
compared. The techno-economic results of this multi-objective optimisation expand the 
knowledge base of other sizing options for that system. This chapter answers research 
question 5 and achieves objective 4, as detailed in chapter 1.  
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7 Experimental study 
 
Experimental investigation of the solar hot water system with integration of fuel cell heat 
from a solar-hydrogen system is presented in this chapter, in the form of a paper published 
Energy Journal (Q1 journal). The case study of a remote household in Victoria, Australia, 
same as that adopted for the theoretical study (chapter 4), is used as the base for this 
experimental study. This experimental study is also used to validate the theoretical simulation 
results detailed in chapter 4. This experimental work helps prove the feasibility of practicing 
the idea of integrating solar-hydrogen CHP with solar-thermal system and confirm to what 
extent the target of  100% heat and power supply (i.e. for standalone applications) is 
achievable by employing the above-mentioned integrated combined heat and power system. 
This chapter contributes to answering research questions 1 and 3 and helps achieve objective 
3, as outlined in chapter 1. 
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8 100% fulfilment of power and hot water 
demand – Integrating a SH CHP-ST system 
with an inline heater powered renewably 
 
 
8.1 INTRODUCTION   
As detailed in the previous chapters, particularly chapter 4, integrating a solar-hydrogen CHP 
system with a solar thermal system, as shown in Figure 8- 1, can provide opportunities to supply 
power and heat (i.e. hot water) for standalone applications, e.g. a household (Assaf and 
Shabani, 2016b) with maximum reliability. The SH CHP and the ST system complement each 
other in terms of heat supply, as the fuel cell operates in the absence of adequate electricity 
supplied by the PVs that coincides with a low or no heat output from the solar collectors as 
well. This is the time when the heat collected from the fuel cell can cover the shortage of heat 
supplied by the solar-thermal collectors. A simulation model of the integrated SH CHP-ST 
system was performed in Chapter 4 using TRNSYS software for a case study in southeast 
Australia, with conservative daily power demand of 5 kWh and daily hot water demand of 165 
litres at 40 ºC. As detailed in Chapter 4, this integrated system could meet about 95% of the 
annual hot water demand with meeting more than 90% of the hot water demand in winter, while 
the solar-hydrogen system was designed to supply the full power load (100%).  
Despite the above-mentioned achievement still a few percent of the hot water demand is unmet 
(i.e. 5% on annual basis). A new solution that has not been studied before is proposed in this 
chapter to support this system in order to achieve 100% reliability in heat supply (for hot water) 
with the power demand also fully met, while studying the effect on the cost. 
For this purpose, an inline electric heater is inserted in the outlet pipe of the water tank of the 
integrated SH CHP- ST system, as shown in Figure 8- 2, in order to increase the reliability of 
this system (i.e. to 100%), especially when used in remote areas. In this set-up, the electric 
heater raises the temperature of the outlet water to 40 ˚C when needed.  Hence, the small 
percentage of the thermal demand that remains unmet by the integrated SH CHP- ST system is 
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fulfilled by the inline electric heater. The consumption of this heater is considered as part of 
the electric demand of the household that is met either by the PV or by the fuel cell.  
 
                    
Figure 8- 1. Schematic diagram of the integrated SH CHP-ST system   
      
 
 
Figure 8- 2. Schematic diagram of the SH CHP-ST system with inline electric heater powered by either the PV or the 
fuel cell 
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8.2 CONFIGURATION AND OPERATION OF THE INTEGRATED SH CHP-ST 
SYSTEM WITH INLINE HEATER 
The system is connected as shown in Figure 8- 2. As previously described, it consists of a solar-
thermal system integrated with a solar-hydrogen CHP system. The same set-up and 
configuration of the SH CHP-ST system as detailed in Chapter 4 is considered.  
The small inline electric heater is modelled in the MATLAB programming environment. The 
program runs for the whole year (starting January 1) with a time step of 0.5 hours. The initial 
temperature in the hot water storage tank is equal to the municipal cold water temperature. 
 In this set-up, at each time step, the electric heater raises the temperature of the output water 
ଵܶ(ݐ) to 40 ˚C when it falls below this level. The inline electric heater is powered similarly to 
the basic power demand, either by the PVs and/or by the fuel cell. The required power by the 
inline electric heater ( ாܲ௟௘௖ு௘௔௧௘௥_௥௘௤ )  in W, is calculated as (see Figure 8- 3 for details):                                
  ܫ݂ ଵܶ(ݐ) < 40  
ாܲ௟௘௖ு௘௔௧௘௥_௥௘௤ (ݐ) =
௠̇೔೙,ಿ(௧)×௖೛×൫ସ଴ି భ்(௧)൯
ଷ.଺×ఎಶ೗೐೎ಹ೐ೌ೟೐ೝ
                                                                            (1)                           
 
  ܫ݂ ଵܶ(ݐ) ≥ 40  
ாܲ௟௘௖ு௘௔௧௘௥_௥௘௤ (ݐ) = 0                                                                                                           (2) 
 
where ݉̇௜௡,ே(ݐ) is the mass flow rate of the entering cold water flow to the bottom node N of 
the tank (kg/h) (equal to the mass flow rate of the hot water withdrawn from the top of the tank 
to user); ܿ௣ is the specific heat capacity of water in kJ/kg ˚C; and  ߟா௟௘௖ு௘௔௧௘௥ is the energy 
efficiency of the inline electric water heater (set to 0.9). 
 
Hence, the total power demand  ஽ܲ௘௠ _௘_௧௢௧௔௟  is the sum of the basic power demand ஽ܲ௘௠ _௘ 
and ாܲ௟௘௖ு௘௔௧௘௥_௥௘௤  :    
   
஽ܲ௘௠ _௘_௧௢௧௔௟(ݐ)  = ஽ܲ௘௠ _௘(ݐ) + ாܲ௟௘௖ு௘௔௧௘௥_௥௘௤ (ݐ)                                                               (3) 
                                                                 
At each time step, if the PV power is greater than ஽ܲ௘௠ _௘_௧௢௧௔௟, the PV power fulfils the power 
demand, and the rest goes to the electrolyser as ( ாܲ௅)  (with a maximum ாܲ௅ at the rated power 
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of the eletrolyser ( ௥ܲ ,ா௅)) to produce hydrogen at the rate of (݉̇ுమ ௉௥௢ௗ ,ா௅  ). The hydrogen 
produced is stored in the hydrogen storage tank. In case the PV power cannot meet the total 
power demand, the fuel cell is turned ON. The total fuel cell power ( ிܲ஼) is the sum of the fuel 
cell power ( ிܲ஼_௅ௗ) supplied to the basic power demand and the fuel cell power 
( ிܲ஼_ா௟௘௖ு௘௔௧௘௥) supplied to the inline electric heater with a maximum ிܲ஼  at the rated power 
of the fuel cell ( ௥ܲ ,ி஼). Priority of the fuel cell power is given to the basic power demand 
஽ܲ௘௠ _௘ above that of the inline electric heater ாܲ௟௘௖ு௘௔௧௘௥_௥௘௤ in case the fuel cell power cannot 
fulfil both of them (Figure 8- 3). For its operation, the fuel cell withdraws hydrogen from the 
tank at the rate of ݉̇ுమ ௜௡ ,ி஼ . At each time step, the mass of hydrogen in the tank 
(ܯுమ ௌ௧௢௥௘ௗ ,்௄ ) can therefore be calculated. A ‘While’ loop (Figure 8- 3) permits calculation 
of the initial mass of hydrogen in the tank ܯுమ ௜௡௜௧௜௔௟ so as to ensure that  ܯுమ ௌ௧௢௥௘ௗ೅಼ (ℎ) (the 
last time step) is equal to ܯுమ ௜௡௜௧௜௔௟  and ܯுమ ௌ௧௢௥௘ௗ ,்௄  doesn’t fall below a pre-defined 
minimum value in the hydrogen tank. This guarantees that the total mass of hydrogen produced 
by the electrolyser is equal to the total mass of hydrogen consumed by the fuel cell in a year.  
Then, the annualised total cost of the system can be accurately calculated. While operating, the 
fuel cell produces heat. The part of heat which must be removed to cool the fuel cell is denoted 
by  ܳ௖௢௢௟,ி஼, and is calculated at each time step.  ܳ௖௢௢௟,ி஼ is transferred at maximum possible 
rate to the top part of the water tank of the solar-thermal system. This is modelled through the 
thermal module of the simulation model (Figure 8- 3). Then, a subroutine calculates at the next 
time step the hot water temperature in the tank (i.e. each node), which results from the thermal 
integration of the collector’s heat and the fuel cell heat. The main outputs of the simulation 
model are the electric reliability ܴ௘, which is the percentage of the power demand met 
renewably, ܴ ௧, which is the percentage of the thermal demand met renewably, and ܥܱܧ௣௥௜௠௔௥௬, 
which is the levelised cost of primary energy (both thermal and electric energy converted back 
to primary energy as one reference (Assaf and Shabani, 2016a) ).  
The sizing of the components of the solar-hydrogen system  ( ௥ܲ,௉௏, ௥ܲ,ா௅, ௥ܲ,ி஼, ܸ݋݈ ்௄ಹమ ), is 
done so that the electric reliability is 100%, and approximately no or minimal electrical energy 
from PV is wasted. The solar-thermal system is sized (ܣௌ஼, ܸ݋݈ ்௄ಹೈ) so that the collector does 
not overheat in summer (i.e. by reaching stagnation temperature). ܸ݋݈ ்௄ಹమ is the capacity of 
the hydrogen tank corresponding to the maximum volume of gas able to be stored (N.m3); 
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ܸ݋݈ ்௄ಹೈ is the volume of the hot water storage tank (litres); and ܣௌ஼  is the collector’s absorber 
area (m2).  
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Figure 8- 3. Simulation model of the integrated SH CHP – ST system with an inline electric heater, as implemented in 
MATLAB  
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8.3 CASE STUDY 
  
8.3.1 An introduction to the case  
The same energy demands as adopted in the chapter 4 for a remote household in Victoria, 
Australia are considered (Figure 8- 4). Meteorological data (i.e. solar radiation, cold water 
temperature, ambient temperature) are taken from TRNSYS database for this location. Briefly, 
the electric demand is considered equal to 5 kWh daily, while the hot water demand equal to 
165 litres of hot water at 40 ˚ C. The economic parameters are considered as in Chapter 5 (Table 
8- 1,Table 8- 2). 
 
                                           
 
 
 
 
(a)                                                                                          (b) 
   
Table 8- 1. Economic data for the components of the SH CHP - ST system  
Components for the SH-ST 
CHP system 
  
Capital cost  
 
Price after 5 
years 
Annual 
maintenance 
cost (as 
percentage of 
capital cost) 
Lifetime 
 
PV panel including invertor 2,000 
US$/kW  
2,000 
US$/kW 
0 % 25 years 
Electrolyser  5,000 
US$/KW 
2,000 
US$/KW 
2 % 30,000 hours 
Fuel cell  2,500 
US$/kW 
1,000 
US$/kW 
2 % 30,000 hours 
Hydrogen storage tank 50 US$/N.m3 50 US$/N.m3 0.5 % 25 years 
Evacuated tube collectors, Hot 
water storage tank, with control 
US$3,200 US$ 3,200  0 % 15 years 
Figure 8- 4. Energy demands of a remote household in Melbourne, Victoria (base case study). (a) Average hourly 
power demand for a remote household in southeast Australia (Victoria) during a day [38]- 5 kWh daily; 
conservative electrical demand excluding heating and air conditioning loads as a passive house is considered (b) 
Average hourly hot water demand at 40 ºC in a day. The hourly fractional distribution of the daily hot water 
demand is taken from ASHRAE 90.2 [47] – 165 litres daily  
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and pump, and gas booster if 
necessary 
Balance of system: valves, 
regulators, safety measures, 
humidification/dehumidification, 
control, heat exchanger  
US$2,500 US$2,500 0 % 25 years 
Inline electric heater US$ 300 US$ 300 0% 15 years 
 
 
Table 8- 2. General economic data adopted 
General economic data  
Project lifetime  25 years 
Nominal interest rate  5% 
Inflation rate  2.5% 
 
8.3.2 Results and discussion 
The simulation that satisfies a 100% electric reliability and a 100% thermal reliability results 
in the system’s size as detailed in Table 8- 3. The resulting efficiency and economic results are 
provided in Table 8- 4. ߟ௘_ி஼  is the average electric efficiency of the fuel cell;  ߟ௢௩௘௥௔௟௟ ,ி஼ is 
the average overall energy efficiency of the fuel cell (electric and thermal considering the fuel 
cell heat that has been transferred to the water tank); and  ߟௌ஼  is the obtained annual energy 
efficiency of the evacuated tube collectors. The simulation showed that by adding an inline 
heater to the system, the sizes of all components of the system remained the same (Table 8- 3), 
with only 6.8% increase in the size of the PV system, compared to the base case, with no inline 
heater (Assaf and Shabani, 2016b), which hardly affects the cost of energy.  
It was found that the time the inline electric heater gets power from the FC mostly coincides 
with the time the FC is supplying power to the basic load. This is advantageous as the operation 
time of the FC is not increased due to the introduction of the inline electric heater to the system. 
For instance, during 7.2% of the operation time of the FC, it supplies power to both the basic 
electric load and the inline electric heater, while only during 0.5% of the FC operation time, 
the FC supplies power to the inline electric heater only. Hence, the FC’s lifetime will not be 
affected by introducing this inline heater and no increase in the replacement cost of this 
component is considered. 
Consequently, with this new solution, meeting 100% the thermal demand comes at 
approximately no relevant additional cost, and  the ܥܱܧ௣௥௜௠௔௥௬ is obtained at around 0.4 
US$/kWh primary (Table 8- 4), as rounded figure, similar to that obtained in (Assaf and 
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Shabani, 2016b) for the same case study, in which no inline electric heater was employed and 
the thermal reliability was limited to ~95% annually.  It is worth noting that the ܥܱܧ௣௥௜௠௔௥௬  
obtained is competitive with the diesel generator and gas supply systems used conventionally 
for remote areas, as was demonstrated in (Assaf and Shabani, 2016a). It is important to note 
that the calculation of the ܥܱܧ௣௥௜௠௔௥௬ considers capital costs, replacement costs, maintenance 
costs,  plus any salvage value obtained at the end of the project lifetime (i.e. 25 years) (Assaf 
and Shabani, 2016a). 
It is noteworthy that, according to the simulation results, 67.6% of the electric energy required 
by the inline electric heater is supplied by the PV, while 32.4% of the electric energy required 
by the inline electric heater comes from the FC. The hydrogen variation in the tank throughout 
the year is presented in Figure 8- 5. Around 2 kg of hydrogen (i.e. that is 2.67% of the total 
mass of hydrogen produced) is consumed by the inline electric heater per year. It is also worth 
noting that the thermal reliability of the integrated SH CHP-ST system without the inline 
electric heater is 96.7%. It is a bit higher than the 95% value obtained in (Assaf and Shabani, 
2016b) for the same system and case study for the following reason: when the fuel cell operates 
to power the inline electric heater that boosts the output water temperature, the fuel cell heat 
generated is also recovered and transferred through the heat exchanger to the tank as per the 
normal operation of this thermal integration. This increases the temperature in the water tank 
as well.  
 
Table 8- 3. Sizes of components of the SH CHP-ST with inline electric heater 
Components Sizes 
SH CHP-ST system 
PV 3.75 kW 
Electrolyser 2.5 kW 
FC 0.3 kW with hydrogen utilisation 
factor of 83 % 
Hydrogen storage tank 195 N.m3 
Solar thermal collectors with 
pump and control 
2 m2 absorber area 
Hot water storage tank  250 litres 
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Figure 8- 5. Mass of hydrogen stored in Tank throughout the year for the SH CHP-ST with inline electric heater 
 
Table 8- 4. Annual efficiencies, reliability, economic, (metrics) for the SH CHP-ST with the inline electric heater 
Metric results for the SH CHP-ST system with inline electric 
heater  
Efficiencies  
ߟ௘_ி஼ 33 % 
ߟ௢௩௘௥௔௟௟ ,ி஼ 60% 
ߟௌ஼  67% 
Economics  
Cost of total primary energy 
(ܥܱܧ௣௥௜௠௔௥௬) (US$/kWh 
primary) 
0.4 US$/kWh primary  
Reliabilities  
Electric reliability (ܴா) 100% 
Thermal reliability (ܴ௧) of SH CH 
– ST system (excluding the heat 
supplied by inline electric heater) 
96.7% 
Thermal reliability (ܴ௧) of SH CH 
– ST system including the heat 
supplied by inline electric heater 
100% 
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Percentage of PV energy wasted 
(ܲ݁ݎܿா_௉௏_௪௔௦௧௘ௗ) 
4.4% 
 
 
8.4 CONCLUSION 
A computer simulation program for a model of an SH CHP-ST system integrated with an inline 
electric heater powered renewably, is modelled in MATLAB. As proven in previous chapters, 
the heat matching capability of the fuel cell with the un-supplied demand from the ST 
throughout the year allows for the supply of around 95% of the annual hot water demand while 
the solar-hydrogen is meeting the full power load. To achieve 100% thermal reliability (i.e. for 
hot water supply), an additional inline electric heater was added at the outlet pipe to boost the 
outlet water temperature when needed. This inline water heater was power electrically similar 
to the normal household electric load, either from the PVs or from the fuel cell. The simulation 
results showed that 67.6% of the annual electric energy required by the inline electric heater is 
supplied by the PVs, while 32.4% of the electric energy required by the inline electric heater 
comes from the FC. The sizes of the components of the system remained the same except for 
a 6.8% increase in the PV size, as compared to the previous study (Assaf and Shabani, 2016b), 
where no inline electric heater was used ( for which the thermal reliability was limited to 95% 
annually for the same case study).Adding the inline heater led to an additional advantage that 
the time the inline electric heater draws power from the FC mostly coincides with the time the 
FC was supplying power to the basic load. Hence, the operation time of the FC was not affected 
by introducing this inline electric heater to the system. As the result of this the replacement 
cost of the fuel cell was assumed to remain the same for this analysis. Hence, with this new 
solution, meeting 100% the thermal demand comes at approximately no relevant additional 
cost, and  the ܥܱܧ௣௥௜௠௔௥௬ was obtained at around 0.4 US$/kWh primary, a rounded figure 
similar to that obtained in (Assaf and Shabani, 2016b) for the same case study, where no inline 
electric heater was used and the thermal reliability was limited to 95% annually. The 
ܥܱܧ௣௥௜௠௔௥௬ obtained for this case is competitive with the diesel generator and gas supply 
systems used conventionally for remote areas. As a result, the SH CHP- ST system with the 
inline electric heater powered renewably can be effectively used to supply full power and the 
entire hot water demand in the standalone remote domestic cases similar to that used in this 
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study. In future research, sizing optimisation can be also developed and implemented for this 
system for other possible better sizing options that can minimise the cost. 
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9.1 OVERVIEW 
The significance of this research lies in finding ways of achieving independence from fossil fuels 
and increasing the reliability of renewable energy systems despite the intermittent supply of the 
renewable source (e.g. solar). Such opportunities may be available by a proper hybridisation and 
integration of multiple renewable energy systems. 
The present thesis studied the possibility of integrating a solar-hydrogen CHP system with a solar-
thermal system in order to provide power and heat (i.e. hot water) to a household, and highlighted 
the key advantage of this integration.  
Both theoretical and experimental investigations performed in the course of this research project 
now allow responses to be given to the research questions posed at the beginning of this thesis in 
Chapter 1. 
The major research questions focus on identifying the proper and best configuration of the 
integrated system, characterising its performance, studying its techno-economic benefits and 
challenges, and finding the different optimal sizing solutions that can enhance those benefits. For 
this purpose, first a theoretical model was developed that simulated the best selected configuration 
of the system, and metrics were developed in order to assess its techno-economic performance. 
The simulation results obtained for a case study of a remote Victorian household were then 
validated experimentally. Additionally, a multi-objective sizing optimisation has been developed 
and performed on the system in order to find optimal solutions that can enhance the techno-
economic objectives of this integrated system. 
 
 
 
9 Conclusion and recommendations 
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9.2 RESPONSE TO THE RESEARCH QUESTIONS 
 
9.2.1 What are the operation, sizing procedure, and the best possible system 
configurations for the integrated SH CHP-ST system being studied through this 
research? 
The operation and sizing procedure of the solar-hydrogen system, where the entire PV power is 
used, was modelled as follows: PV power was supplied first to meet the electrical demand while 
any excess power was provided to the electrolyser to produce hydrogen. When there was a power 
deficit from the PV to the load, the fuel cell drew hydrogen from the hydrogen tank to cover the 
deficit. Based on this, the electolyser was sized to accept the maximum excess power provided by 
the PV, the PV and hydrogen tank were sized so that the final mass of hydrogen in tank was kept 
equal to the initial mass of hydrogen (at the beginning of the year) and the minimum mass of 
hydrogen in the tank remained reasonably above zero (to allow for a short period of autonomous 
operation in case of lower than expected PV input). This meant that all the hydrogen produced by 
the electrolyser was consumed by the fuel cell for a year. The heat (that is normally wasted) was 
captured from the fuel cell during its operation for on-site utilisation (i.e. hot water demand).  
The proposal to integrate the fuel cell heat with a solar-thermal (hot water) system was studied as 
a fundamental part of this research with two possible configurations. In the first configuration, the 
fuel cell heat was collected in a small water tank, and this water was used as supply water to a 
solar-thermal system (i.e. collector and a hot water tank), instead of the latter being supplied by 
cold water from the municipality. In the second configuration, the heat collected from the fuel cell 
was transferred to the top part of the vertical storage tank pertaining of a solar-hot water system. 
Through a detailed simulation using TRNSYS, it was realised that the second configuration allows 
for a better utilisation of the fuel cell heat. The annual hot water demand met using the first 
configuration was calculated to be 83% compared to 95% of the total thermal demand met by the 
second configuration. Therefore, the second configuration was selected, and adopted for further 
analysis.  
An experimental rig was set up in order to validate the results of the theoretical model and case 
study. The fuel cell cooling load was emulated through an urn in real time and integrated with the 
solar-thermal system according to the configuration of the model. The experiment was conducted 
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during representative days in winter, spring, and summer. The experimental results showed the 
ability of this system to meet the hot water demand of the assumed household of the case study up 
to 91% on a 24-hour representative day in winter, 97% on a representative day in spring, and 100% 
on a representative day in summer. The experimental results also closely agreed with those of the 
model. The answer to this research question contributed to objectives 1, 2, and 3.  
 
9.2.2 How are the heat extraction capacities from the two heat sources (i.e. fuel cell in 
the SH CHP system and collectors in the ST system) affected when the solar-
hydrogen CHP and ST systems are integrated? 
The integrated SH CHP-ST system offers the following advantages: The average (annual) 
electrical energy efficiency of the fuel cell was obtained to be 33% for the case study of the remote 
household in Victoria, Australia. If the solar-hydrogen system is working by itself, and the heat 
from the fuel cell (i.e. cooling load) is recovered, then, the overall energy efficiency of the fuel 
cell is enhanced to 65%. However, when used in the context of a SH CHP-ST arrangement, the 
overall average annual energy efficiency of the fuel cell dropped only by about 5%, to 60%. In this 
integrated system around 83% of the fuel cell cooling load could be transferred to the tank of the 
solar-thermal system. In fact, experimentally, it was found that the fuel cell heat was highly utilised 
(i.e. above 97% on a winter day as well as a spring day and 69% on a summer day).  
 
On the other side, the thermal efficiency of the evacuated tube collector was found to be 69%when 
the solar-thermal system operated by itself without being integrated with the fuel cell (i.e. adding 
fuel cell heat). When integrated with the fuel cell CHP unit in a solar-hydrogen system (i.e. the SH 
CHP–ST system), the average annual thermal efficiency of the collectors dropped slightly, only to 
67%. These high levels of heat utilisation for both fuel cell and solar thermal collectors (when 
integrated) are due to the inherent complementary operation of these two heat sources (SH CHP 
and ST). More details will be discussed in answering the next research question. The answer to 
this research question contributed to objective 1. 
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9.2.3 How can the SH CHP system and the ST system complement each other 
throughout the year in meeting the thermal demand of a standalone application 
while the SH system is primarily designed for 100% supply of the electrical 
demand of the site ? 
The fuel cell starts operating when the solar radiation is not sufficient to generate enough electricity 
to meet the demand. This coincides with the deficit of heat supplied by the solar collector (i.e. due 
to low level of solar radiation input). Due to fuel cell being in operation, this is the time that the 
heat from the fuel cell can also recovered to supply the heat deficit to hot water demand. This 
complementary operation between the fuel cell and the solar-thermal collector results in the ability 
of the fuel cell heat to fill to a great extent the heat supply gap of the collectors. This is while the 
solar hydrogen system and the fuel cell as part of this system are primarily designed to meet the 
100% of the power load.  
It was found for a case study of a household in southeast Australia that in winter, the solar-thermal 
system could supply only 54% of the hot water demand. However, this demand could be met more 
than 90% (in winter) by the integrated SH CHP-ST system. This is mainly due to the heat matching 
capability of the fuel cell (i.e. in the SH system) with the un-supplied demand from the ST system.  
The heat recovered from the fuel cell belonging to the SH CHP system and the heat gained by the 
collectors were also proven experimentally to be complementary in nature. In fact, the 
experimental results in the three representative days of the different seasons showed that this 
integration resulted in a system that was able to meet nearly the full energy (heat and power) 
demands, all from solar energy, despite the intermittency of this latter between days and nights 
and its seasonal variation. This was due to the inherent characteristic of the fuel cell in the solar-
hydrogen system, as its heat supply coincided with the shortage of the solar heat supply from the 
collectors. 
It was demonstrated in the experiment how the fuel cell cooling load in the SH system reduced 
more in summer, while it persisted for more hours during winter when the heat delivered by the 
collectors is relatively low. On the spring day of the experiment, due to an exceptionally cloudy 
morning, the fuel cell remained ON till late in the morning. This showed the resulting adaptability 
of the fuel cell in this set-up with all sorts of solar variations, which benefited the final aim of 
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meeting the thermal demand. The answer to this research question contributed to objectives 1 and 
3. 
 
9.2.4 What are the techno-economic advantages and challenges of an integrated SH 
CHP-ST system assessed based on the defined system’s metrics (i.e. efficiency, 
reliability, and cost)? 
While the annual electric reliability was 100%, the annual thermal reliability was 95% for the base 
case study of the SH CHP-ST system. The overall obtained efficiency measures for the integrated 
components of the CHP system (fuel cell CHP and solar-thermal collectors) slightly degraded in 
this integration: 60% for the fuel cell CHP in this integration compared to 65% (for the same case) 
when fuel cell CHP is working by itself without being integrated with the collectors. 
The results of the base case study proved that the SH CHP-ST system with obtained ܥܱܧ௣௥௜௠௔௥௬ of 
0.4 US$/kWh primary, is economically as competitive as (and even slightly better than) a non-
renewable reference system consisting of a diesel generator for electricity supply and a gas water 
heater for hot water demand. Moreover, the use of the SH CHP-ST system leads to avoiding 2,181 
kg of CO2-e emissions per year that would have been emitted from the use of the reference system. 
Sensitivity analysis was also carried in order to see the effect of the variation of some parameters 
on the economic results. The ܥܱܧ௣௥௜௠௔௥௬  for the SH CHP-ST system varies by between -12.5% 
and 37.5% linearly with a variation in the capital cost of the hydrogen components (FC and EL) 
between -25% and 75% with respect to that of the base case study. Real interest rate of below 3% 
or annual increase in real fuel/gas prices by above 2% will maintain the economic competitiveness 
of the SH CHP-ST system.   
Finally, the effect of the thermal and electrical load variations was also studied. The results mainly 
supported the techno-economic feasibility of implementing the proposed SH CHP-ST system for 
remote household applications in comparison with the reference (diesel-based) system. 
Approximately, comparable results (i.e. as those drawn for the base case study) were concluded 
for the reliability and overall efficiency of the integrated CHP source; and the cost of primary 
energy for the SH-ST CHP system varied between 0.38 US$/kWh and 0.41 US$/kWh for different 
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loads. This has further strengthened the robustness of the results indicating the economic 
performance of this integration. 
Moreover, the model also suggested that the established SH CHP-ST system after 5 years (i.e. with 
the cost limit of hydrogen components reached) would be as competitive as the standard grid/gas 
pipes connections for power and heat (i.e. hot water) supply for non-remote areas by assuming a 
15% public funding or 4.5% annual increase in real prices of grid electricity and gas. 
 In summary, in terms of efficiency, the complementary aspect between the fuel cell heat and 
collector’s heat slightly degrades the efficiency of the components (i.e. fuel cell, collectors). In 
terms of economics, the SH CHP-ST system was found to be competitive with respect to 
conventional energy supply systems adopted for remote areas (i.e. diesel generator and gas water 
heater). A positive economic result is also expected in normal households (i.e. non-remote areas) 
in case the hydrogen components reached their decreased limit cost with a further increase in the 
price of grid electricity and fuel costs, and assuming some public funding (i.e. 15%). In terms of 
reliabilities, the electric reliability is 100%, as built into the system. In terms of thermal reliability, 
a small percentage of around 5% of the annual hot water demand needed to be met by conventional 
sources (e.g. gas). Driven by this small residual deficit in supplying the hot water demand 
renewably, the following proposed solution was theoretically reviewed and modelled, to see if the 
above-mentioned challenge can be addressed.  
An additional small inline electric heater, placed in the outlet pipe (demand side), could increase 
the outlet water temperature to ensure that the hot water demand is fully met. This inline water 
heater was considered to be part of the electrical demand of the household; that was powered by 
either the PV or the fuel cell. The simulation results showed that 67.6% of the electrical energy 
required by the inline electric heater was supplied by the PV, while the rest 32.4% came from the 
fuel cell. However, it was found that the times when the inline electric heater was powered by the 
FC mostly coincided with the times when the FC was supplying power to the basic load. This is 
advantageous as the operation time of the FC was not increased due to the introduction of the inline 
electric heater to the system. Only 6.8% increase in the PV size was required to achieve 100% 
thermal reliability, as compared to the initial case with no inline electric heater, in which its average 
annual thermal reliability was limited to 95% (i.e. for the same case study). As a result, the 
ܥܱܧ௣௥௜௠௔௥௬  was obtained at around 0.4 US$/kWh primary, a rounded figure that is similar to the 
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figure already obtained for the same case study, in which no inline electric heater was used and 
the thermal reliability was limited to 95% annually.  
 
Moreover, the SH CHP-ST system with the inline electric heater could be effectively used to fully 
supply the power and the entire hot water demand of the standalone remote domestic case (i.e. in 
southeast Australia) renewably all through solar energy. Additionally, this system could provide 
100% reliability to meet the energy demands of the application (i.e. both heat and power). The 
answer to this research question contributed to objective 1. 
 
9.2.5 What are the different optimal solutions resulting from a multi-objective sizing 
optimisation on the integrated system? (i.e. the total cost of energy is minimised, 
the overall reliability maximised, and the percentage of PV power wasted 
minimised)? 
A general multi-objective sizing optimisation was performed in MATLAB in order to come up 
with the optimal set of components sizes (i.e. PV, electrolyser, hydrogen tank, fuel cell, collector, 
hot water storage tank), with the objectives to minimise the levelised cost of primary 
energy (ܥܱܧ௣௥௜௠௔௥௬), maximise the reliabilities (i.e. electrical and thermal), and minimise the 
percentage of available electric energy wasted (ܲ݁ݎܿா_௉௏_௪௔௦௧௘). This approach is different from 
the previous one, as the electrical power supply reliability was to be maximised (i.e. not necessarily 
be equal to 100%), and the percentage of PV electric energy being wasted had to be minimised 
and not necessarily equal to zero. The system was designed to keep mass of hydrogen at the end 
of the simulation year equal to its value at the start of the year, so that to obtain accurate and 
comparable results for cost and reliability for all solutions.  
The multi-objective sizing optimisation resulted in a Pareto front of optimal solutions. Hence, the 
results of this multi-objective optimisation were expected to expand the knowledge base of other 
sizing options for that system. The user can then make a selection of the solution according to 
preferences. It was noted that the Pareto optimal solutions obtained, especially those which had a 
levelised cost of primary energy less than 0.41 US $/kWh primary, all had an electrical power 
supply reliability of 100%. The relatively high ܥܱܧ௣௥௜௠௔௥௬ for the solutions that had an ܴ௘ less 
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than 100%, was caused by the fact that such solutions incur additional costs resulting from the 
introduction of a diesel generator. The latter was accompanied with all the associated high fixed 
annual maintenance costs especially for a remote area. So, having an electric reliability of less than 
100% would not give favourable solutions, particularly in terms of cost. 
A trade-off between ܥܱܧ௣௥௜௠௔௥௬ and ܲ݁ݎܿா_௉௏_௪௔௦௧௘ could be seen in the optimal Pareto solutions 
for different levels of overall reliability. For example, one Pareto optimal solution obtained had 
the overall reliability at 95.3% with ܲ݁ݎܿா_௉௏_௪௔௦௧௘  close to zero (i.e. 0.5%) and ܥܱܧ௣௥௜௠௔௥௬ at 
0.4 (i.e. sizing similar to that adopted in TRNSYS). In comparison to that solution, another optimal 
solution with the same reliability results, but which was more economic, could be obtained. This 
solution had a ܥܱܧ௣௥௜௠௔௥௬ reduced by 14.4% and came with a ܲ݁ݎܿா_௉௏_௪௔௦௧௘ of 15%. In this 
solution, the PV size was increased by 16%, and the electrolyser’s size was reduced by around 
31% with a decrease of around 6.6% in size of the hydrogen tank. Finally, the maximum thermal 
reliability that could be obtained in the optimised solutions was 96.32%, and became 95.6% if a 
minimum size of fuel cell equal to the maximum power demand was required. It was also found 
in the Pareto optimal solutions that the fuel cell size was lower in solutions with higher overall 
reliability. 
 
The answer to this research question contributed to objective 4. 
 
9.3 CONCLUSIONS  
The integrated SH CHP-ST system was theoretically modelled and simulated, and the results were 
experimentally validated for total of three days in three different seasons (i.e. winter, spring, and 
summer). In summary, the following results were found: 
¾ The best configuration of the integrated system has been developed. 
¾ The integration resulted in meeting 95% of the total annual hot water demand while the 
solar-hydrogen system was designed to meet the entire power demand of a household, and 
the full electrical energy delivered by the PV has been utilised (i.e. either delivered to load 
or used in the electrolyser to generate hydrogen for storage). 
108 
 
¾ The levelised cost of primary energy obtained for the integrated system (i.e. 0.4 
US$/kWhprimary) is competitive with conventional energy supply systems (i.e. diesel 
generator and gas water heater) for remote areas. 
¾ The average (annual) electrical energy efficiency of the fuel cell was found to be 33%. The 
overall energy efficiency (considering the electrical energy of the fuel cell and its heat that 
was recovered and transferred to the tank for utilisation) was found to be 60%. In fact, 
annually, 83% of the fuel cell thermal energy could be transferred to the hot water tank. 
For the solar-hydrogen system operating by itself (i.e. without integration with the solar-
thermal system), the overall energy efficiency of the fuel cell was found to be 65%. On the 
other side, the thermal efficiency of the collector in the integrated system was 67% 
compared to 69% when operated separately without being integrated with the fuel cell. 
Therefore, only a slight decrease in the overall energy efficiency occurred for both the fuel 
cell and solar thermal collector when used together in the integrated system, compared to 
when each of these systems were operated separately (i.e. in the content of a solar-hydrogen 
system for the fuel cell). This confirms the advantage of this integration and the heat 
matching capability of the fuel cell (i.e. operating as part of the solar-hydrogen system) 
with the unsupplied thermal demand from the ST. For instance, in winter, more than 90% 
of the hot water demand could be supplied by the integrated system, while this hot water 
demand could be met only to 54% from the solar-thermal system supposedly working by 
itself. 
¾ The effect of the thermal and electrical loads variations was also studied. The results mainly 
supported the techno-economic feasibility of implementing the proposed integrated SH 
CHP-ST system for remote household applications in comparison with the reference 
system. Approximately, comparable results (i.e. with those found for the base case study) 
were obtained for the reliability and overall efficiency of the integrated CHP source with 
different load variations. 
¾ Sensitivity analysis was also carried in order to see the effect of the variation of some 
parameters on the economic results. The ܥܱܧ௣௥௜௠௔௥௬  for the SH CHP-ST system varied 
by between -12.5% and 37.5% linearly with a variation in the capital cost of the hydrogen 
components (FC and EL) between -25% and 75% with respect to that of the base case 
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study. A real interest rate of below 3% or an annual increase in real fuel/gas prices above 
2% would maintain the economic competitiveness of the SH CHP-SC.   
¾ The residual 5% of hot water demand not met by renewables posed a challenge. A new 
solution with the addition of an inline electric heater at the output helped solve the issue 
with a negligible additional cost. For this scenario only 6.8% increase in the PV size was 
required compared to an integrated system SH CHP-ST system without an inline heater. In 
fact, this inline heater was selected to be electrically operated and its load was considered 
as part of the electrical demand of the case study, either fed by the PV or by the fuel cell. 
The simulation results showed that 67.6% of the electrical energy required by the inline 
electric heater was supplied by the PV, while 32.4% came from the FC. It was found that 
the time the FC supplied power to the inline electric heater coincided advantageously with 
the time the FC was supplying power to the basic load as well. Therefore the operation 
time of the FC was not increased due to the introduction of the inline electric heater to the 
system. Consequently this has not affected the lifetime of the FC and its replacement cost. 
This is the reason why the thermal reliability of the system was increased to 100% with a 
very negligible effect on ܥܱܧ௣௥௜௠௔௥௬ .  
¾ A multi-objective sizing optimisation was carried out on the system with a general 
approach aiming at minimising the total levelised cost of primary energy, maximising the 
overall reliability (electrical, and thermal), and minimising the percentage of PV electrical 
energy supply being wasted. This has resulted in a set of Pareto solutions, through which 
a trade-off was seen between  ܥܱܧ௣௥௜௠௔௥௬  and the percentage of the PV electrical energy 
being wasted. A solution with better ܥܱܧ௣௥௜௠௔௥௬  at 0.34 US$/kWh primary (i.e. less by 
14.4% compared to that of the base case study) could be obtained, but with the PV size 
increased by 16% resulting in 15% of PV energy being wasted. Solutions with an electrical 
power supply reliability of less than 100% had a relatively high cost. The maximum 
thermal reliability that could be obtained was 96.3%. 
¾ The base case study was experimentally validated during three days during winter, spring, 
and summer, i.e. one day for each season. 
¾ The integration helped to make the energy system more independent, affordable, and 
reliable, and well suited for standalone applications such as in remote areas disconnected 
from the grid and gas networks. Additionally, this integrated system is expected to further 
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encourage the use of solar-hydrogen and solar thermal systems more than when they are 
used separately. Widespread use of these solutions can then contribute to reduction in the 
costs of these systems. 
 
9.4 RECOMMENDATIONS FOR FUTURE WORK 
Some recommendations for future work can include: 
¾ Study the effect of incorporating a small battery bank into the system to meet peak demands 
and provide short-duration storage at high round-trip energy efficiency while hydrogen 
provides the required longer-duration storage needs. 
¾ A complete demonstration of the integrated system with a real solar-hydrogen system, an 
inline electric heater, and an appropriate control system, in a standalone application 
requiring both electricity and heat should be conducted for extended periods (at least 1-3 
years). This is to acquire more reliable data and experience, necessary to commercialise 
zero-emission cogeneration systems of this kind. 
¾ Full Life Cycle Analyses (LCA) should be conducted to compare solar-hydrogen systems 
with petrol/diesel generators and gas water heater for standalone and remote applications, 
in terms of an accurate calculation for the life cycle greenhouse gas emissions and other 
environmental impacts. 
¾  Considering other storage subsystems for the solar-hydrogen, such as compressed gas and 
metal hydride options; they can be used in other residential/household non-remote 
applications. 
¾ Considering the transient behavior of the fuel cell in the model to achieve further accuracy 
in predicting the performance of the system. 
¾ Performing an optimisation on the SH CHP-ST system with an inline electrical heater used 
to cover the small percent of unmet thermal demand. That is in order to minimise the 
ܥܱܧ௣௥௜௠௔௥௬  of this arrangement, achieving 100% reliability, and fulfillment of both 
thermal and electric demands. The optimisation would take into account the minimisation 
of the PV power being wasted as well. This can confirm whether the solutions would follow 
the same outcomes suggested by the optimisation of the SH CHP-ST system without the 
inline electric heater.  
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¾ Performing an exergy analysis on the system in order to gain more insight about the 
exergetic flow and performance of the system. 
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APPENDIX 
 
Appendix 1: Incidence angle modifier for a 
solar-thermal collector 
 
The thermal energy ܳ௚௔௜௡௘ௗ ,ௌ஼ can be written as the following equation (TRNSYS 17 Manual, 
2012): 
ܳ௚௔௜௡௘ௗ ,ௌ஼ =  ܣ௖[ܨோܩ௧(߬ߙ)௡  −  ܽଵ( ௜ܶ − ௔ܶ) −  ܽଶ( ௜ܶ −  ௔ܶ)ଶ] (1) 
where  
 ܣ௖: Aperture area of the collector in m2                                                                                                               
ܨோ: Collector heat removal factor for a tested flow rate. If the flow rate is changed from the 
test value, then the value of ܨோ will be corrected by a certain factor 
ܩ௧: Total incident radiation on the tilted surface in W/m2 
௜ܶ: Inlet fluid temperature in K 
௔ܶ: Ambient temperature in K 
߬ߙ: Transmittance–absorptance product of the collector 
(߬ߙ)௡: denote that the normal transmittance-absorptance product is used (as in testing). 
௅ܷ:  Collector overall loss coefficient in W/m2.K 
In fact, Equation (1) gives the efficiency equation for normal incidence. However, the 
intercept efficiency, ܨோ(߬ߙ)௡, is corrected for non-normal solar incidence by the factor 
(߬ߙ)/(߬ߙ)௡. 
The correction factor, called the Incidence angle modifier (IAM) considering the incidence 
angle modifier for each of the components (beam, diffuse, ground-reflected; equations) of the 
solar radiation, is defined as (McIntire, 1982):     
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(߬ߙ)
(߬ߙ)௡
=
ܩ஻,௧
(߬ߙ)௕
(߬ߙ)௡  +  ܩ஽,ு
(1 + cos ߚ)
2  
(߬ߙ)ௗ
(߬ߙ)௡  + ߩ௚ × ܩு
(1 − cos ߚ)
2  
(߬ߙ)௚
(߬ߙ)௡
 ܩ௧
 
(2) 
where ܩ஻ ,௧ is the beam irradiance on tilted surface; ܩ஽ ,ு is the diffuse irradiance on 
horizontal; ܩு is the global horizontal solar irradiance; and ߩ௚ is the ground-reflectance 
(factor); β is the collector slope above the horizontal plane; (߬ߙ)௕, (߬ߙ)ௗ, and (߬ߙ)௚ are 
respectively the (߬ߙ) for the beam, diffuse, and ground-reflected radiation. 
So, as given in equation (2), the IAM for the beam radiation (Ƙఏ) represented or expressed by  
(ఛఈ)್
(ఛఈ)೙
  , as well as the IAM for the diffuse radiation (Ƙௗ) represented by 
(ఛఈ)೏
(ఛఈ)೙
 in equation (2), 
need to be calculated. The IAM of the ground-reflectance radiation 
(ఛఈ)೒
(ఛఈ)೙
 can be neglected. The 
IAM for each of the flat plate collectors and evacuated tube collectors is determined as follows. 
(a) Flat plate collector 
For a flat plate collector, the Incidence angle modifier for beam radiation (Ƙఏ) is approximated 
to first order as: 
Ƙఏ = 1 − ܾ଴ ൬
1
cos ߠ − 1൰ 
(3) 
or to second order as: 
Ƙఏ = 1 − ܾ଴ ൬
1
cos ߠ − 1൰ − ܾଵ ൬
1
cos ߠ − 1൰
ଶ
 
(4) 
where ܾ଴ is the negative 1st-order coefficient in the incident angle modifier curve fit 
(example: Figure 1); and ܾଵ is the negative 2st-order coefficient in the incident angle modifier 
curve fit (manufacturer data) (example: Figure 1).  
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Figure 1.  An example of Incidence angle response (curve) of flat-plate collector (Morrison and Rosengarten, 2010)  
 
The Incidence angle modifier for diffuse radiation (Ƙௗ) is approximated as follow for the flat-
plate collector, assuming an isotropic diffuse radiation on the horizontal plane:   
 Ƙୢ =
ସ
П ∫  Ƙఏ cos ߠ ݀ߠ
П
మ
଴  
(5) 
For both flat-plate and evacuated- tube collectors, assuming that the optical efficiency for beam 
and diffuse radiation are approximated by the same, then equation (1) can be re-written as: 
ɳௌ஼ =  ܽ଴ × Ƙఏ −  ܽଵ
൫்ೄ಴,೔೙ି ்ೌ೘್൯
೟ீ
−  ܽଶ
(்ೄ಴,೔೙ି ்ೌ೘್)మ
೟ீ
                                                     (6) 
Otherwise the correction factor defined in equation (2) that considers the IAMs for the different 
components of the solar radiation (i.e. beam, diffuse) has to be applied. 
 
(b) Evacuated tube collector 
For evacuated tube collectors (ETCs), as they are optically non-symmetric, a biaxial Incidence 
angle modifier (longitudinal and transversal) for Ƙఏ needs to be provided. For this purpose, 
Figure 2 shows a graphical representation for the definition of the longitudinal and transversal 
incidence angles for beam radiation at an incidence angle (ߠ௜) (denoted by ߠ in Figure 2):  
- The transversal incidence angle (ߠ௧) is measured in a plane that is perpendicular to 
both the collector aperture and the longitudinal plane.  
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- The longitudinal incidence angle (ߠ௟) is measured in a plane that is perpendicular to 
the collector plane and contains the collector azimuth.  
 
 
Figure 2. Transversal and longitudinal directions for the calculation of the incident angle modifier (IAM) for the 
beam radiation (TRNSYS 17 Manual, 2012) 
 
The IAM corresponding to the transversal incidence angle ߠ௧ is referred to as the transversal 
IAM and is denoted by  Ƙଵ(ߠ௧); and the IAM corresponding to the longitudinal incidence 
angle ߠ௟ is referred to as the longitudinal IAM and is denoted by Ƙଶ(ߠ௟). The longitudinal and 
transversal IAMs,  Ƙଵ(ߠ௧) and  Ƙଶ(ߠ௟),  are usually given by the manufacturer for different 
longitudinal and transversal angles based on test reports. This is illustrated graphically in the 
example of Figure 2. In this configuration (most common), the collector’s orientation is along 
a North-South axis (assuming the collector faces due South) as given in Figure 2. If the 
collector was tested in a different configuration or if it was mounted with the tubes along an 
East-West axis, the IAM data obtained from a collector test may have to be adapted (by 
switching the longitudinal and transversal directions). 
  
The IAM for beam radiation at a given ߠ௧ and ߠ௟ can be approximated by multiplying the 
transversal IAM for the given (ߠ௧) and the longitudinal IAM for the given (ߠ௟) (McIntire, 1982): 
 Ƙఏ =   Ƙଵ(ߠ௧) ×  Ƙଶ(ߠ௟)                                                                                                     (7) 
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Figure 3. An example of Incidence angle response of evacuated tube collector to transverse and longitudinal incident 
radiation (Morrison and Rosengarten, 2010)  
 
The transversal response is above 1 at incidence angles up to 77˚ for example, and the resulting 
IAM may be above 1 for these angles. The reason is illustrated in Figure 4. 
 
Figure 4. (a) at normal incidence (reference), some beam radiation is lost by reflection back through the tube. (B) at 
some higher angles, all beam radiation is incident on the absorbing surface.  
 
The IAM for the diffuse radiation (Ƙௗ) for the evacuated tube collector is calculated as follow, 
assuming an isotropic diffuse radiation for a horizontal collector:    
Ƙௗ =
4
П න  Ƙଵ(ߠ௧) ܿ݋ݏ ߠ௧ ݀ߠ௧
П
ଶ
଴
න  Ƙଶ(ߠ௟) ܿ݋ݏ ߠ௟ ݀ߠ௟
П
ଶ
଴
 
(8) 
                                                                                         
In an alternative simplification, the Incidence angle modifier IAM (denoted in this equation by 
Ƙ࣎ࢻ) for an evacuated tube collector can be approximated as (Morrison and Rosengarten, 
2010):  
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Ƙఛఈ = 1 − ݁ ൬
1
ܿ݋ݏ ߠ − 1൰ 
(9) 
where ݁ is a coefficient to be specified for a particular collector. 
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Appendix 2: Fuel cell characteristic models 
The electromotive force of an ideal 100% efficient cell (ܧܯܨ௖௘௟௟ ,ଵ଴଴% ௘௙௙௜௖௜௘௡௧ ,௟௜௤௨௜ௗ ௪௔௧௘௥) in 
V is the electricity generated by the fuel cell when all the energy content of hydrogen in 
converted to electricity, and the exit water is in liquid form (no energy is absorbed by water 
evaporation).   
ܧܯܨ௖௘௟௟ ,ଵ଴଴% ௘௙௙௜௖௜௘௡௧ ,௟௜௤௨௜ௗ ௪௔௧௘௥ =  
൫ି௱௛೑൯೗೔೜ೠ೔೏ ೢೌ೟೐ೝ
ଶி =  
ି(ିଶ଼ହ଼ସ଴)
ଶ×ଽ଺ସ଼ହ = 1.48 V 
(1) 
where ܨ is the Faraday constant (96485 C/mol); and ߂ℎ௙ = HHV = -285840 J/mole of hydrogen 
(HHV is the higher heating value of hydrogen corresponding to liquid water) (Figure 1). 
 
Figure 1. Enthalpy of formation (Sonntag et al., 2003). Lower heating value (LHV) of hydrogen = -241827 J/mole of 
hydrogen; and the higher heating value (HHV) of hydrogen = -285838 J/mole of hydrogen. 
 
Equation (1) enables us to find the electric efficiency (ɳ௘ ,ி஼)  of a fuel cell as:   
ɳ௘ ,ி஼ = ௖ܲ௘௟௟ ,ி஼݊̇ுమ ோ௘௔௖௧௘ௗ ,௖௘௟௟ ,ி஼ × ܪܪ ுܸమ
× μ௙ =  ௖ܷ௘௟௟ ,ி஼1.48  × μ௙ 
(2) 
where μ௙ is the hydrogen utilisation factor; ௖ܲ௘௟௟ ,ி஼ is power delivered by one cell-fuel cell; 
and ௖ܷ௘௟௟ ,ி஼ is the cell voltage in V that will can be determined as will be explained next based 
on the fuel cell model. 1.48 V corresponds to the maximum theoretical output voltage (for 
ideally a 100% efficient cell) based on ܪܪ ுܸమ.       
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In order to calculate ௖ܷ௘௟௟ ,ி஼, the maximum theoretical open circuit voltage (ܧ଴) of one cell, 
and consequently, the maximum corrected (for temperature and pressure) theoretical open 
circuit voltage (ܧ) in V must be calculated.  
The maximum theoretical open circuit voltage (not for a 100% efficient fuel cell) is determined 
based on the Gibbs free energy as follows:    
 ܧ଴ =  
ି௱௚೑
ଶி  
(3) 
The Gibbs free energy is calculated based on thermodynamics relationships between enthalpy, 
entropy, (and specific heat) (Figure 2):  
߂݃௙ =  ߂ℎ௙ − ܶ߂ ௙ܵ (4) 
The maximum theoretical open circuit voltage (Equation (3)) for one cell is thus found to be 
1.23 V at 25 °C and 1 atm.  
 
 
Figure 2. Energy and voltage levels corresponding to the fuel cell (one cell) reaction and operation (RMIT- Hydrogen 
Systems Course)  
However, the maximum theoretical open circuit voltage  ܧ଴ has to be corrected for applied 
pressures and temperatures other than 1 atm and 25 °C respectively. Thus, the corrected 
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theoretical open circuit voltage (reversible open circuit voltage) ܧ (V) is defined by Nerst 
equation as follows:    
ܧ =  ܧ଴ +
ோ்೎೐೗೗
ி  ܮ݊ ൬
௉ಹమ.௉ೀమ
బ.ఱ
௉ಹమೀ
൰                                                                                            (5) 
where  ௖ܶ௘௟௟ is the cell operating temperature of the fuel cell (°K); ܴ  is the universal gas constant 
(8.314 J/mol.K); ܨ is the Faraday constant (96485 C/mol); and pressures are all the partial 
pressures in the inlet and exit streams of the fuel cell (in bars). Partial pressure is calculated as 
per equation (6). For this calculation, it should be noted that the hydrogen in the exit stream 
leaves the fuel cell from a separate channel from that of the exit air.  
ߣுమ +  ߣ௔௜௥ ቀ0.5 ܱଶ +  
ଷ.଻଺
ଶ ଶܰቁ → ܪଶܱ +
ఒೌ೔ೝ ି ଵ
ଶ  ܱଶ +  
ଷ.଻଺
ଶ ߣ௔௜௥ ଶܰ + ൫ߣுమ − 1൯ܪଶ  
(6) 
where ߣுమ and ߣ௔௜௥ are respectively the hydrogen and air stoichiometries representing 
the relative amounts of hydrogen and air that need to be fed into the fuel cell with 
respect to a unit amount reacted (e.g. if ߣுమ = 1.2; it means that for 1.2 moles of 
hydrogen fed into the fuel cell, only 1 mole of hydrogen is reacted and 0.2 mole of 
hydrogen enters the fuel cell, but leaves it un-reacted). 
For instance, considering that ௜ܲ௡௟௘௧ ுమ and ௜ܲ௡௟௘௧ ௔௜௥ (bars) are respectively the inlet 
pressures of hydrogen and air, then, based on equation (6): 
 
ுܲమ =
ߣுమ
ߣுమ
௜ܲ௡௟௘௧ ,ுమ = ௜ܲ௡௟௘௧ ுమ 
(7) 
ைܲమ =
ைܰమ
௔ܰ௜௥
= 0.5 ߣ௔௜௥
ቀ0.5 + 3.762 ቁ  ߣ௔௜௥
=  14.76 ௜ܲ௡௟௘௧ ௔௜௥ 
(8) 
 where ைܰమ is the number of moles of oxygen, and ௔ܰ௜௥ is the number of moles of air (in a 
mixture). 
 
When a load is connected to the fuel cell, the voltage drops below the maximum voltage (ܧ). 
The shape of the fuel cell polarisation curve (relationship between voltage and current which 
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is U-I curve) is determined by the potential losses (ߟ௔௖௧ and ߟ௢௛௠௜௖) as follows (Larminie and 
Dicks, 2003):  
 ௖ܷ௘௟௟ ,ி஼ =  ܧ − ߟ௔௖௧ − ߟ௢௛௠௜௖     (9) 
 where ܧ (V) is the maximum reversible open circuit voltage of the fuel cell. 
ߟ௔௖௧ (V) is the activation overvoltage on the hydrogen and oxygen sides. This occurs in the 
first part of the polarisation curve (Figure 3). It is caused by limitations on the rates of the 
reactions taking place on the surface of the hydrogen and oxygen electrodes. It is represented 
by ߟ௔௖௧ை  and ߟ௔௖௧ு , which are the activation overpotentials respectively on the oxygen and 
hydrogen electrodes. Thus, 
ߟ௔௖௧ =  ߟ௔௖௧ு + ߟ௔௖௧ை   (10) 
ߟ௢௛௠௜௖ (V) is the ohmic overvoltage. It consists of two types of losses, which are: 
- The ohmic electrode losses (ߟ௢௛௠௜௖ ,௘௟௘௖௧௥௢ௗ௘௦) in V caused by the electrode resistances 
ܴ௘ு, and ܴ௘ை  (Ω), respectively for the hydrogen and oxygen electrodes, against the flow 
of electrons. They are represented in the linear part of the polarisation curve (Figure 
3). They are expressed as:  
ߟ௢௛௠௜௖ ,௘௟௘௖௧௥௢ௗ௘௦ =  ܫ௖௘௟௟ ,ி஼  × (ܴ௘ு + ܴ௘ை) (11) 
- The membrane ohmic losses (ߟ௢௛௠௜௖ ,௠௘௠௕) in V, consist of two parts: 
1- Proton resistivity losses and mass transport losses in V. This results from the 
membrane resistivity to proton transfer (linear part of the polarisation curve 
(Figure 3)) and to the limitation on the rate of transport of reactants/products 
to/from the reaction site. The latter becomes dominant as higher currents are 
drawn from the fuel cell, as shown on the far right of the polarisation curve 
(Figure 3), and is known as the concentration overvoltage. 
2- Internal current losses (fuel crossover), caused by a fuel crossover through the 
membrane, are equivalent to an internal current when no load is connected to 
the fuel cell (no reaction). As seen in Figure 3, with a fuel cell current of zero, 
the open circuit voltage is smaller than the reversible open circuit one (OCV). 
This is due to the loss caused by the effect of this internal current. 
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Figure 3. Typical one-cell fuel cell polarisation curve (https://www3.nd.edu) 
 
Three modelling methods have been employed in literature in order to determine the 
overvoltages in equation (9). 
Method 1 as employed in Shabani (2010)based on (Doddathimmaiah and Andrews, 2009): 
The membrane ohmic losses (ߟ௢௛௠௜௖ ,௠௘௠௕) in V can be expressed as:  
ߟ௢௛௠௜௖ ,௠௘௠௕ = ൫݆௖௘௟௟ ,ி஼ + ݆௜௡௧൯. ܵ ×  ܴ௠ு
శ (12) 
 
where ݆௜௡௧ is the cell internal current density (A/cm2); ݆௖௘௟௟ ,ி஼ is the cell current density (cell 
current ܫ௖௘௟௟ ,ி஼ in A divided by the effective area of the cell ܵ  in cm2); and  ܴ௠ு
శis the membrane 
ohmic resistance (Ω) against the flow of the ions. 
Equation (9) can thus be written as: 
௖ܷ௘௟௟ ,ி஼ = ܧ − |ߟ௔௖௧ு | − |ߟ௔௖௧ை | − ܫ௖௘௟௟ ,ி஼  × (ܴ௘ு + ܴ௘ை) − ൫݆௖௘௟௟ ,ி஼ + ݆௜௡௧൯. ܵ × ܴ௠ு
శ     (13) 
The equivalent circuit of the fuel cell modelling (equation (13)) is represented as shown in 
Figure 4 (Doddathimmaiah and Andrews, 2009). 
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Figure 4. Equivalent circuit for the PEM fuel cell model (Doddathimmaiah and Andrews, 2009)   
 
Defining:ߛ௘ is defined as:     
ߛ௘ =
(ܴ௘ு +  ܴ௘ை)
ܵ  
(14) 
ߪ௠ு
శis the electric conductivity of the membrane to the ionic current (the inverse of the 
membrane’s specific resistance to the ions ߩ௠ு
శ)is: 
ߪ௠ு
శ =  1ߩ௠ுశ
= 1(ܵ/ܮ). ܴ௠ுశ
 (15) 
where ܮ is the membrane thickness (cm). The membrane conductivity (ߪ௠௘
ష) to the flow of 
electrons is defined similarly with respect to the membrane resistance against the flow of 
electrons (ܴ௠௘
ష) . So,    
݆௜௡௧ =  
ߪ௠௘
ష.  ௖ܷ௘௟௟ ,ி஼
ܮ  
(16) 
Equation (13) is thus re-written as:  
௖ܷ௘௟௟ ,ி஼ = ܧ − |ߟ௔௖௧ு | − |ߟ௔௖௧ை | − ܫ௖௘௟௟ ,ி஼ . ܵ. ߛ௘ − ቆ݆௖௘௟௟ ,ி஼ +
ߪ௠௘
ష. ௖ܷ௘௟௟ ,ி஼ 
ܮ ቇ .
ܮ
ߪ௠ுశ
 
(17) 
                                                                                                                                                    
Doddathimmaiah and Andrews (2009) (RMIT contribution) have added the following modified 
BV equations in order to determine the unknown parameters of equation (17). These additional 
equations are:    
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݆௖௘௟௟ ,ி஼ −  
ߪ௠௘
ష. ௖ܷ௘௟௟ ,ி஼ 
ܮ = ݆଴
ை ݁
ఎೌ೎೟  ೀ ఈೀ ଶி
ோ்೎೐೗೗    ି݁
ି൫ଵିఈೀ൯ ଶி ఎೌ೎೟ ೀ
ோ்೎೐೗೗ 
1 +  ݁
ିఎೌ೎೟  ೀ (ଵିఈೀ) ଶி
ோ்೎೐೗೗   
௦݆௔௧
ி஼
݆଴ை
 
(18) 
݆௖௘௟௟ ,ி஼ −  
ߪ௠௘
ష. ௖ܷ௘௟௟ ,ி஼ 
ܮ = ݆଴
ு ݁
ିఎೌ೎೟  ಹ ఈಹ ଶி
ோ்೎೐೗೗  ି݁
൫ଵିఈಹ൯ ଶி ఎೌ೎೟ ಹ
ோ்೎೐೗೗ 
1 +  ݁
ఎೌ೎೟  ಹ (ଵିఈಹ) ଶி
ோ்೎೐೗೗   
௦݆௔௧
ி஼
݆଴ு
 
(19) 
where ߙைand ߙு are the charge transfer coefficients of the oxygen and hydrogen sides 
respectively; ݆଴ை and ݆଴ு are the exchange current densities (A/cm2) on the oxygen and hydrogen 
sides respectively; and ݆௦௔௧ி஼  is the saturation exchange current density (A/cm2). The exchange 
current densities on both sides and the membrane ionic conductivity depend on temperature, as 
defined empiricallyby:    
݆଴ை = 2 × 10ି଺. ݁଴.଴ସଷ ௖ܶ௘௟௟  (20) 
݆଴ு = 0.12 × 10ି଺. ݁଴.଴ଶ଺ ௖ܶ௘௟௟  (21) 
ߪ௠ு
శ = 0.001 ௖ܶ௘௟௟ + 0.03 (22) 
௖ܶ௘௟௟ is the cell operating temperature (K); and  ܴ is the universal gas constant (8.314 J/mol.K). 
Zhang et al. (2008) also noted that the membrane resistance, the charge transfer coefficients, 
and the exchange current density all increase if the relative humidity of the air increases. 
However, this is not considered here for simplicity.  
An iterative process can be applied to equations (17), (18), and (19) in order to solve for the 
parameters (i.e. exchange current densities, saturation exchange current density, membrane 
ionic conductivity) by comparing the cell polarisation curve obtained with that given by the 
manufacturer using the least squares method. Otherwise, the cell parameters (i.e. charge 
transfer coefficients, exchange current densities, saturation exchange current density, 
membrane ionic conductivity) can be directly given. The charge transfer coefficients’ value 
varies between 0 an1 and is dependent on the electrode material. 
Method 2 as employed in TRNSYS: 
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However, another approach is employed in TRNSYS in order to estimate  ߟ௔௖௧ and ߟ௢௛௠௜௖ (in 
equation (9)). This is based on the theoretical kinetic and electrochemistry equations for ߟ௔௖௧ 
(equation (23)), while it is purely empirical based on temperature and current experimental 
data, for ߟ௢௛௠௜௖ (equation (25)), as follows:   
ߟ௔௖௧ = 0.95 − 0.00243. ௖ܶ௘௟௟ − 0.000192. ௖ܶ௘௟௟ . ܮ ݊(ܣ௉ாெ)
+ 0.000192. ௖ܶ௘௟௟ . ܮ݊ (ܫ௖௘௟௟ ,ி஼) − 0.000076. ௖ܶ௘௟௟ . ܮ݊(ܥைమ) 
ܥைమ , the concentration of oxygen at the cathode membrane/gas interface (moles/cm3), 
is obtained by using Henry’s Law: 
 
(23) 
ܥைమ =  
௉ೀమ
ହ.଴଼×ଵ଴ల×௘షరవఴ/೅೎೐೗೗            
 
and, 
 
(24) 
ߟ௢௛௠௜௖ =
ܫ௖௘௟௟ ,ி஼ .  ݐ௉ாெ
ܣ௉ாெ
. 8
݁ଷ.଺ .ቀ
்೎೐೗೗ ି ଷହଷ
்೎೐೗೗ ቁ  
. ൤1 + 1.64 . ܫ௖௘௟௟ ,ி஼ ܣ௉ாெ
൨ + ߓ ൬ܫ௖௘௟௟ ,ி஼ܣ௉ாெ
൰
ଷ
 
(25) 
where  ܣ௉ாெ is the electrode area of the PEM (cm2) (Figure 5); and ݐ௉ாெ is the PEM thickness 
(cm) (Figure 5).  
 
Figure 5. Cell assembly of a PEM fuel cell (TRNSYS 17 Manual, 2012)                                                           
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Method 3 as employed in Deshmukh and Boehm (2008), Bajpai and Dash (2012), Rahimi et al. 
(2014), and Bigdeli (2015): 
In this modelling method, the following equations are employed (Springer et al., 1991): 
ߟ௔௖௧ = ߦଵ + ߦଶ ௖ܶ௘௟௟ + ߦଷ ௖ܶ௘௟௟ ܮ݊൫ܥைమ൯ + ߦସ ௖ܶ௘௟௟ ܮ݊൫ܫ௖௘௟௟ ,ி஼ ൯ (26) 
where ܥைమ, the concentration of dissolved oxygen at the gas/liquid interface (moles/cm3), is as 
already defined in equation (24). ߦଵ, ߦଶ, ߦଷ, and ߦସ are parametric coefficients which are 
calculated experimentally for each cell.  
Numerical values for ߦଵ, ߦଶ, ߦଷ, and  ߦସ parameters were provided for a Ballard fuel cell as 
(Deshmukh and Boehm, 2008): 
ߦଵ =  −0.948 0.004−+  (27) 
ߦଶ = ܭ஽ோ  
ܽ݃݁
௖ܶ௘௟௟ 
+ ܭ௖௘௟௟଴ + 0.000197ܮ݊(ܵ) + 4.3 × 10ହ ܮ݊(ܥுమ) 
(28) 
ߦଷ = 6.8 0.02 × 10−5−+  (29) 
ߦସ =  −0.000196 (30) 
ߦଶ was estimated at 0.00312 in Rahimi et al. (2014). 
where ܵ, as previously defined, is the effective (active) area of the cell in cm2; ܭ஽ோ 
is an empirical term to represent the change in catalytic activity with age; ܭ௖௘௟௟଴  is an 
empirical term to represent the apparent rate constant for the anode and cathode; ܽ݃݁ 
is the time in hours the fuel cell has been operated for (hours); and ܥுమ is the liquid-
phase concentration of hydrogen at the anode/gas interface (moles/cm3). The term 
ܭ஽ோ  
௔௚௘
்೎೐೗೗ 
 in equation (28) can be ignored when the aging effect of the fuel cell is not 
considered. 
As modelled previously : 
ߟ௢௛௠௜௖ = ߟ௢௛௠௜௖ ,௘௟௘௖௧௥௢ௗ௘௦ + ߟ௢௛௠௜௖ ,௠௘௠௕ (31) 
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 In this method, ߟ௢௛௠௜௖ ,௠௘௠௕ is written as: 
 ߟ௢௛௠௜௖ ,௠௘௠௕ = ߟ௣௥௢௧௢௡ + ߟ௖௢௡௖ (32) 
                                                                                                                                 
where ߟ௣௥௢௧௢௡ is the loss in V resulting from the membrane resistivity to protons 
transfer; and ߟ௖௢௡௖ is the concentration overvoltage in V caused by  limitation on the 
rate of transport of reactants/products to/from the reaction site (flow through channels 
and diffusion in the electrodes). As previously explained, the latter becomes 
dominant at higher currents. 
In this method, ߟ௢௛௠௜௖ ,௘௟௘௖௧௥௢ௗ௘௦ (as well as internal current losses) is assumed to be 
negligible compared to ߟ௢௛௠௜௖ ,௠௘௠௕.  
ߟ௣௥௢௧௢௡ is calculated as: 
ߟ௣௥௢௧௢௡ = ܫ௖௘௟௟ ,ி஼ × ܴ௠ு
శ (33) 
and as defined previously in equation (15): 
ܴ௠ு
శ =  ܮܵ ߩ௠
ுశ (34) 
 
 
  
ܮ (cm), ܵ (cm2), and ߩ௠ு
శ (Ω.m) are as defined in equation (15). 
For Nafion membranes the following expression for ߩ௠ு
శ was proposed (Deshmukh and 
Boehm, 2008) : 
ߩ௠ு
శ =  
ଵ଼ଵ.଺ቈଵା଴.଴ଷ൬಺೎೐೗೗ ,ಷ಴ೄ ൰ା଴.଴଺ଶቀ
೅೎೐೗೗ 
యబయ ቁ
మ
൬಺೎೐೗೗ ,ಷ಴ೄ ൰
మ.ఱ
቉
൤ఒ೘ାఒವೃ.௔௚௘ି଴.଺ଷସିଷ൬
಺೎೐೗೗ ,ಷ಴
ೄ ൰൨௘
ర.భఴ൤೅೎೐೗೗ షయబయ೅೎೐೗೗ 
൨
  
(35) 
ߟ௖௢௡௖ is calculated as: 
ߟܿ݋݊ܿ =  
ܴ ௖ܶ௘௟௟ 
݊ܨ ܮ݊ ቆ
ܫ௖௘௟௟ ,ி஼
݆௅௠,௖௘௟௟ ,ி஼ × ܵ
ቇ 
(36) 
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where ܴ   (8.314 J/mol.K) and ܨ (96485 C/mol) are the respectively universal gas and Faraday’s 
constants; ݊ is the number of participating electrons transferred per reaction.  ݆௅௠,௖௘௟௟ ,ி஼ is the 
limiting current density (A/m2). ߣ௠ represents the membrane water content and its real value 
can vary from 0 to 23 accordingly. ߣ஽ோ. ܽ݃݁ can be ignored if the aging effect of the fuel cell 
is not considered. 
 
 It should be noted that in all the above methods, the equations for overpotentials suggest a 
decrease in over potential with an increase in the cell operating temperature. Despite the fact 
that higher cell operating temperatures result in lower reversible open circuit voltage (Nerst 
equation; equation (5)), the total effect of increasing the cell operating temperature results is 
improving the cell voltage, and consequently the fuel cell performance.  
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